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•See Appended Note Concerning Radiation Units, (p. 2€).
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VARIABILITY OF NATURAL BACKGROUND RADIATION

Thi average annual exoosure of persons in tne United States to radiation from
natural background sources Is often said to b* "aoout 100 nillir*m" whole-30ay
dose equivalent. Thougn it is usually pointed out tnat actual exposures differ
from one region of tne country t3 anotner, and tnat the 100 erem value is an
estimate of a population-weigntes average, eany references include little to
indicate the extent of tne variations actually encountered. As a result, tnere
is some room for tne imeres si on tnat tnis nocrinal 100 mrem is a sort of natural
constant — much like tnat of normal oody temperature (37*C) — and that any
appreciable departure aoove tnis norm is associated with seriously undesirule
consequences. In tne present discussion it is intended, first, to describe tne
generally familiar range of natural background (particularly as experienced in
tne U.S.), and then to oring to attention some of the care fine-grained aspects
of its variability. These naturallyoccurring variations warrant consideration
in assessing the significance of incremental perturbations of the radiation
levels to which people nay be exposed.

I. Natural Background

This consists of three major components: (1) Cosmic Rays, (11) External
Terrestrial, and (iii) Internal. These are described separately.

(1) Cosmic Rays tss|
In the lower atmosphere (altitudes less than a few km) the radiation from this
source is mostly provided by muons and high energy (very penetrating)
electrons. There are other particles in the flux, Including neutrons. The •
number of neutrons (at low altitudes) is small compared to the number of muons fl
and electrons, but because of their large quality factor (Q) or relative
biological effectiveness (RBE), which — at least in UNSCCAA-1M2 — has been ^
taken to be 10 for neutrons as compared with unity for muons or electrons, the •
neutrons contribute appreciably (about 10%) to the dose equivalent in tissue,
even at sea level. This contribution increases with altitude, and at 3 km
(9,850 ft) the neutron component contributes about 2SE of the total biological
dose. (More recently, the NCftP has decided tnat the value of Q for neutrons
might lie between 5 and 20. The total level of the cosmic radiation (in rems)
may, then, finally be rated somewhat differently than In some of the values
used below.*)
At high altitudes (altitudes greater than about 10 km, which are accessible
only to high-flying aircraft or space vehicles) there is a strong dependence of
the cosmic ray flux (or dose) on the geomagnetic latitude — the flux being
many times larger at the magnetic pole than at the equator. However, on the
inhabited portions of the earth's surface (altitudes less than -5 km) the
variation with geomagnetic latitude is much smaller; and for the continental fff
U.S. (essentially all lying between 40* and SO* N geomagnetic latitude) the •
variation with latitude is only a percent or so. This will be Ignored in the ^
sequel. —
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particular location on the surface of the continental U.S., the cosmic
idiation may be considered as uniform in t^me. Though there are temporal

variations associated with the 11-year s^n-spot cycle, with solar flares, and
-ilh cnanges in ataospneric ?ressu.« and tesserature, these ara either of

I limited extent (near the surface at U.S. 'afitudes) or are of short duration.
-• They »ay consequently Be incorporate? in some average value, and - i l l not be

further considered.

I The significant variation in cosnic -ay exposure is the variation with
• altitude. This results from the d?*f***nce -n thickness of the atmospheric

blanket. On this account the tissue c;s« equivalent from cosmic rays at

1 altitudes of 1, 2, or 3 km above sea 'eve' are larger than the exposure at sea
level by factors of about 1.35, 2.2. ar.d 4.C. respectively. The average cosmic
ray dose rate out-of-doors at sea 'evel is 23 mrem/yr. Since people spend a

^ considerable fraction of their time indoors, and since structures provide at
least some shielding, it has Seen estimated that for the-U.S. the average "~ .

* exposure received by the population is asout 10X smaller than the exposure \
out-of-doors. The average exposure rate at sea level has thus been taken to be \

1 26 mrea/yr. Taking into account the distribution in altitude of the U.S. ^
population, the average dose equivalent rate froa cosmic rays has been
estimated to be 28 mrea/yr. This is tne numoer included in the assessment that
tne average annual exposure in the U.S. is about 100 mrea/yr. ~.

More than 80S of the U.S. population lives at altitudes less than 0.3 ka
(-1,000 ft), and for these tne cosmic ray dose rate is within a area/yr, or so,
of the countrywide average. About 10 million live at altitudes £ 1 ka, where
the cosmic ray dose rate (out-of-doors) exceeds 40 mrea/yr. More than five
million live at altitudes > 1.3 km for who* the cosmic ray i:se rate exceeds
45 irem/yr. Cities included in this group are: Salt Lake City, Albuquerque,
Reno, Colorado Springs, and Denver. (For Denver, altitude 1.6 ha, population
1.5 million, the cosahc ray dose rate is 50 area/yr). More than 100.000 live
in cities — such as Durango, Gall up, Flagstaff, and Santa Fa — at altitudes
> 2 km, for whoa the out-of-doors cosaic ray dose exceeds 60 area/yr. There are

r many small settlements in the Rockies (e.g.. Silverton, Colorado, 2.8 ka) at
' f altitudes of about 3 lot. In particular, for Leadville, Colorado (altitude 3.1

ka) and nearby Cliaax (altitude 3.4 ka), in or near which a total of about
10,000 persons reside, the cosaic ray dose rate would be 120-ISO mrea/yr
(out-of-doors).

In this saae general connection, outside the U.S. there are a nuaber of cities
with large populations at quite high altitudes. These are at lower geoaagnetic
latitudes than apply 1n the) U.S. As a rough allowance, in designating cosaic
ray dose rates for these cities, the doses froa the detailed dose-altitude
curve drawn for tta> U.S. have been reduced by the saae fraction as .the sea-level
doses for the relevant gaoaagnetic latitude. The particular dose-altitude curve
used is that presented In NCXP-4S (1975). These high-altitude cities include:
Johannesburg, alt. 1.8 ka, population -2 million, dose rate -60 area/yr; Mexico
City, alt. 2.5 ka, population -18 million, dose rate -40 area/yr; Bogota, alt.
2.6 ka, population -4 million, dose rate -85 area/yr; and Quito, alt. 2.89 ka,
population -.75 million, dose rate -100 area/yr. There 1s also U Pu and the
Altiplano region of Bolivia.



In the Alt iplano the altitude ranges from 3.5 to 4 km. and aoout 75S of
Bolivia's total population of 6 eillion live in this region. In addition ta La
Paz at 3.6 km, population (La Par Department — that is, the city, plus the
surrounding adainistrative area) 1.9 Billion, there i$ the city of Onjro at
3.7 km, Lake Titicaca ana i*.i surrounding settlements at 3.8 km, ana tna city
of Potosi at 3.9 km, population (Potosi Oeoartmant) -0.8 million. Thus, in tna
Altiolano ragion there art 4 nil lion, or so, people for whom the cosmic'ray
dos« rate is in the range ISO to 200 «ram/yr.

(ii) External Terrestrial

At any location on the ea-T.*'s surface persons are exposed to some flux of
radiation (mostly pnotons) f-om the decay of radioactive elements contained in
the soil and rocks. The main primordial sources are K-40, Th-232, and U-238;
thougn, in the case of Th ana U, the major part of tha radiation encountered'is
proviaed ay the radioactive daughters in their dacay chains. The radiation
flux at any location wil l vary depending on whether tha soil is wet or dry,
covered with snow or not, subjected to changing barometric pressure, and so
forth-, but these fluctuations will average out over the year. Tha significant
variation 1s that applying from plaea to place dua to differences in tha local
abundance of the primordial elements. Host of tha radiation to which people
are exposed is transmitted directly into tha air fro* tha near-surf ace rocks
and soil as they reside in place. Almost all tna radiation reaching tha
ataospnare originates in the topmost 25 or 30 centimeters of the soil.

On a mass basis tha elements potassium, thorium, and uranium in tha materials
of tha earth's crust are, respectively, something like two percent, and 12 and
4 parts par million. Tha nunoer of atoms par gran of potassium (atomric mass
-40) is six times larger than that of thorium or uranium (atomic mass -240).
Tha isotopic abundance of K-4Q (the only radioactive isotope of potassium) is
1.2 x KTV The atomic ratios of K-40, Th-232, and U-238 in tha earth's crust
are, consequently, about as 4:3:1. With half-lives of 1.26 x 10*. 1.4 x 10l°,
and 4.5 x 10* years, tha number of disintegrations pa" unit time of K-40,
Th-232, and U-238 are about in tha ratio of 15:1:1. In ninety percent of tna
disintegrations of K-40 a J-particle (maximum enargy -1.3 MeV) 1s emitted, and
almost all of these are absorbed in tha soil close to tna sourca. However, in
tha ramaining 10S a rray (energy 1.46 HaV) Is emitted, and som of that* will
panatrata to the atacsphert. From tna above 1t can be saan that in material
having tha average composition of tha earth's crust there are about 1.5
T-ray-emitting disintegrations of K-40 par disintegration of Th-232 or U-238 —
which are essentially equal. Th-232 and U-238 are tha parent nuclei of dacay
series with tan or a dozen daughters having relatively short half-lives.
Assuming a state of radioactive equilibrium (wnlctt doasn't always aoply) each
of the-daughters in tha series will disintegrate at tna same rate as tna parant
nucleus. These series disintegrations release about 40 or 50 MaV of enargy,
but all but about 2 MaV of this enargy 1s carried by a and P particles and
deposited in tha immediate vicinity of tna sourca. About 30X of tna enargy
carried by rrays 1s 1n low enargy quanta (lass than 1 MaV) which art strongly
attenuated in tha soil. In tha thorium series there 1s a 2.6 MaV 7-"* •rittad
about 36X of tha time, but 1n tha uranium series thart art no rr*y< w1th $ucft

a high energy. Thus, thorium contributes more than uranium ta tha terrestrial
background radiation. Tha average concentrations of these element* in naar-
surfaca soil 1s somewhat lower than In tha earth's crust; but 1n UMSCEAR-77 it
is estimated that tha world average radiation level at one meter above the



surfact is about 40 «rad/yr: 15 from potassium, 15 from thorium, and 10 from
uranium. As already suggested the actual background radiation ratt from ont
location to another My vary considerably from this average depending on the
composition of tne soil or rocks neartjy.

On trie basis of extensive surveys the U.S. has been divided into three
distinguishable regions with resoect to terrestrial radiation backgrounds.
These are: (i) The Atlantic and Gulf Coastal Plains Area — a coastal belt of
'rom one to a few hundred miles in width extending south and west from Long
Island to Texas, including between 15 and 2031 of the U.S. population, and
within which tne terrestrial radiation is said to provide an absorbed dose rate
in outdoor air of between 15 and 35 mrad/yr, with a population-weighted average
taken to be 23 mrad/yr; and (ii) Middle America, or The Noncoastal Plain Area,
the region extending north and west from tne Coastal Plains Area to the Pacific
coast (except for a relatively small island around Denver and the Colorado
Plateau). In this region, wnich includes about 80S of the U.S. population, the
natural terrestrial background exposure rates range from 35 to 75 mrad, with >-,.
the average taken to be 46 «rad/yr; and (iii), the Denver, Colorado Area, \
including some part of the East Front of the Rockies and the Colorado Plateau, \
in which the terrestrial exposure ranges fro« 75 to 140, and for which the
average is taken to be 90 erad/yr.
Much of the support for this regional breakdown is provided by the ARMS survey. ^
ARMS refers to the Aerial Radiological Measurements Surveys of the '
radioactivity in the vicinity of government-sponsored nuclear facilities,
conducted for the A£C between 19S8 and 1963. Areas about 100 sriles on a side
around each of 25 locations were surveyed on a one-aile grid to map the
terrestrial radiation background. About 30% of the population of the U.S. was
comprised within these areas.

A range of radiation rates was observed in each area. For torn* of the
locations, half or more of the area was noted as having rates more than
±15 mrad/yr from the mean for the area. For each area, the mean rate was taken
to be applicable to the population of that area. For those portions of the

f" country not covered by AIMS, the regional average exposures noted above were
used to determine a population-weighted average of -40 mrad/yr for the outdoor
absorbed dose rate in air for the U.S.

r

r
This terrestrial radiation 1s mainly composed of y-rays with an energy of one
to two MeV. This radiation 1s attenuated by the materials 1n structures, and,
since people spend more than two-thirds of their time Indoors, and even though
there may be some external dose from the building materials themselves, a fac-
to'* of 0.8 has been applied to the outdoor dose in estimating the actual aver-
age exposure people receive. In addition, because of the shielding provided to
the vital organs (gonads, bone marrow, etc.) by the outer tissues of the body,

[" a further factor of 0.8 has been used 1n convening the terrestrial dose In air
I to the equivalent biological whole-body dose rate. With these factors, the

population-weighted countrywide average dose equivalent from terrestrial
— radiation to persons In the U.S. has been taken to be 26 mrem/yr. This Is the
! number used 1n the assessment that the background radiation dose In the U.S. 1s
' -100 arem/yr.

(~ Surveys of background terrestrial radiation levels have also been made 1n other
, , countries. Because of differences in Instrumentation and procedures, not all



of these survey results art directly comparable, and not all have been carried
througn to-the point of developing a population-weighted average. From having
smaller areas Vie surveys of some of the countries are geographically acre
complete than present U.S. surveys; and, in addition, at least some have been
conducted more systematically. Notwithstanding these differences, $o»» of the
values listed in UNSCiAS-82 s.N.cw:;•..•; the result: :f the surveys of aoout fifteen
countries are indicated o*low. ~'ne values quoted are for aasorfied dose in out-
door air in mrad/yr, wnicn may 01 comoared witn the U.S. average of *o, already
none. The lowest average values (32*33) are for Canada. Denmark, Poland; tne
hignest (70-90) for rrar.ce, Roman:a. Switzerland, East Germany (GuR). In most
cases ranges are given. >e hic-.ast of tne nigi range values ar»- Norway
950; Italy, 435; West Germany (P'S), 315; France, 250; GQR, 225. " For bottom of
the range values, several we-t less than 10, including: Japan, Italy, FRG,
France, Austria. Not to be cheated out of having something special about it,
the bottom of the range for Ireland is listed as zero — wnich could, of
course, actually apply to a peat bog.

In a few cases, copulation-weighted indoor to outdoor ratios are listed, with
the exception of the COR wnich lists 0.8 (tne same value assuMd for the U.S.),
these ratios are all larger tnan unity — ranging from 1.65 for Austria to 1.08
for Canada. (The values for Canada are not from UNSCEAR, but from the report
of an extensive Canadian survey completed in 1984.) At least on the basis of
the data shown in UNSCEAR-1982, the U.S. value for indoor-outdoor ratio would
appear to be one of the least well supported, being based on results from only
about 270 dwellings as compared with the Norway value of 1.12 (2000 dwellings),
or the FRG value of 1.36 (30,000 dwellings). Indeed, the value for this factor
for the U.S. may well deserve further consideration. (In its forthcoming
report, NCRP proposes to change this factor fro* 0.8 to 1.0.)

From this welter of data, along with data concerning the worldwide distribution
of tne primordial elements, UNSCEAR-82 concluded that, for external terrestrial
background, a reasonable value for the global average of the absorbed dose rate
in outdoor air would be about 44 mrad/yr, and that a value of 1.2 would be a
suitable global average for the indoor-outdoor ratio.
The total environmental exposure to external radiation consists of the SUB of
the cosmic ray and the terrestrial components. For the Continental U.S., as
already indicated, the population-weighted average of this SUB is 28 + 26 « 54
mrem/yr. In a survey conducted in 1971 by the Lawrence Livermore laboratory at
107 weather stations throughout the U.S. (but not including any locations at
altitudes higner than that of Flagstaff, Arizona -7000 ft), the range in this
quantity was from a low of about 35 mrea/yr to a high of about 150 mrem/yr.
The low values anrlied in southern Florida, wn«re the cosmic component was
small (sea level, less than 40* N. geomagnetic latitude), and th« terrestrial
component was also very low. The high values applied at Colorado Springs,
Colorado (alt. -€150 ft) which has fairly high components, both cosmic and
terrestrial; and 81shop, California (alt. -4150 ft) with a moderate cosaic
component, but very high terrestrial. Flagstaff, Arizona, with the highest
cosmic component of the locations included in this survey, had a rather low
terrestrial component, and a total exposure to external radiation of only about
90 mrem/yr. In Hawaii (near sea level, and only 20* N geomagnetic latitude)
the cosmic component was smaller than in Florida and the terrestrial components
were also very low; so that external radiation provided about 30 mrea/yr for
the locations monitored. In the reports examined, no measurements were given
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of tht ttrrtrtnal coapontnt of txttrnal radiation for tht high-lying

I stttltwtnts in Colorado (>7000 ft altitudt). Thtrt is, howtvtr, a gtntral
ttndtncy for tht axttmal ttrrtstrial radiation at such locations to b« high —
in part, no doubt, b«caus« of tht prtsanca of rock n«ar tht surfact, or of tht
txposurt of bart rock. It thtrtfort sttas liktly that aaong thtst stttltatnt*,

1 which alrtady havt a cosaic ray txposurt in txctss of 100 arta/yr, thtrt will
bt so«t for which tht total tnvironatnta! txposurt is >200 arta/yr.
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(iii) Inttrnal

Tht txposurts fron inttrnal sourcts of radiation My convtnitntly bt considtrtd
in thrtt classts: (a) that froti normal constitutnts of tht body (principally
potassium); (b) that fro* radionuclidts lodgtd in tnt body (uraniua, ttc.); and
(c) txposurts fron inhaltd radionuclidts (noon and its daughttrs).

(a) Tht conctntrations of tht normal constitutnts of tht body (such as H, C, or
K) art naintaintd at fairly constant Itvtls by tnt body's statt of physio- " •
logical tquilibrium. Thty art constqutntly largtly indtptndtnt of such factors \
as ditt or gtographical location. In tht abstnct of ttaporary aan-aadt ptrtur-
bations"-- such as tritiua rtltasts, nucltar txplosions, and so forth — tnt
isotopic composition of such tltatnts in tht body Mill bt tht sa«t as that in
tht biosphtrt.

Cosmic rays providt a sttady sourct of a largt yaritty of radionuclidts —
mostly productd at high altitudts. Thtst aix with tht lower atansphtrt and
othtr coapontnts of tht biosphtrt and tht dttp ocaan rtstrvoir, and havt
tstablishtd and aaintalntd for a vary long tiat a stabIt eoncantratlon in tht
various parts of tht tnvlronatnt. Tht conctntration of any particular
cosaogtnic radionuclida in any particular coapontnt of tht tnvlronatnt dtptnds
strongly on tht half-Ufa of tht nuclidt (along with othtr factors, such as
solubility).

In tht biosphtrt (tht lowtr ataosphtrt, surfact wattrs, plant 11ft, ttc.). tht
four most abundant cosaogtnic radionuclidts art C-14, Ma-22, Bt-7, and H-3.
Exctpt for Bt, thtst tlaatnts art tsstntial constitutnts of tht body. Tht
total inttrnal dost dtllvtrtd by thtst radionuclidts Is about 1 sntsi/yr, and 1s
alMSt all provldtd by C-14; bting, in particular: C-14, -1; Ha-22, -0.02; and
H-3, 0.001 mrvm/yr. (Though not a body constltutnt, Bt-7 «ay bt ingtsttd or
inhaltd, and 1s tstiaattd to providt an Inttrnal dost of about 0.006 tnt«/yr.)
Tht total dost fro* all othtr cosaogtnic nuclldts 1s thought to bt lass than
.001 arta/yr.

Potassiua 1s an tsstntial eonstltutnt of tht body, with an abundanct of about
2 graas ptr kilogram of total body wtlght. Strictly sptaklng, tht 2 ga Itvol
applits only to young atlas (agt -20) and falls tsstntlally llnttrly with tin
ovtr tht ntxt M ymn to about 1.6 ga. In ftaalts, aftar agt 20, tht
potasslua concmtrstlon at all agts Is only about 75 to 8O of that In aalt« —
1n pan, possibly, btcaust of tht dlfftrtnca 1n proportion of adlpost tissut In
which tht potasslua conctntration 1s rtlatlvtly low (only about O.S ga/kg).
Thtrt 1s an apprtclablt variation In potasslua conctntration froa ont organ of
tht body to another (-4 ga/kg in rtd aarrow, 2 1n ttstts, O.S In boot) and a
corrtsponding variation 1n dosts to tht dlfftrtnt organs. Howavtr, for an
assuatd avtragt conctntration of 2 ga/kg body wtlght, tht wholt-body dost
tqulvaltnt has b»tn tstlaattd to bt -18 araa/yr.



Essentially aU the 9-particles from the decay of K-40 w i l l be absoroed in the
"body; but more than half of the v/s w i l l escape. Because of this, each person
carrns a smalT radiation field around with him. This, no doubt, is the basis
for tne jocular comment that there is some hazard (from radiation) in sharing a
douale bed. The hazard, of course, is not very great, being on the orcer of
only a tenth of a mre«n/yr in aed. However, since a nearly body would screen
aoout 1055 of the solid angle from the normal external terrestrial radiation of
-30 mrem/yr, it wig.-.*, oetter DC said that snaring a double bed has a favoraole
effect.

After K-AO the most prominent nonseries primordial radionuclide is Rb-37. This
nuclioe emits only 0-particles (maximum energy 0.27 MeV) so it is significant
(if at all) only as a source of internal dose. Considering the factors of tit-
mental abundance in the eart.is crust, isotopic fractions, half-lives, and energy
per disintegration, tne dose from Rb-87 would be about fifteen times smaller
than that from K-40 — provided tne concentration in the body relative to that
in the earth's crust should be the same. From measurements of rubidium in the
body it has been concluded (UNSCEAR-77) that the dose rate from Rb-87 is aoout
0.4 mrem/yr. This is about forty times SMller than that from K-40.

In addition to K-40 and Rb-87, there are about twenty other nonseries primordial
radionuclides in the material of the earth's crust. Considering their elemental
abundances, isotopic fractions, etc., their rates of energy release per gram of
terrestrial material range from a few percent down to Mny orders of Mgnitude ^
smaller than that from Rb-87. The contribution of these to internal dose My
consequently be ignored.

In summary, the dose rate from radioactive constituents of the body (K-40,
C-14, H-3, etc.), is from 18 to 20 area/yr.

Finally, in this discussion of natural backgrounds, it is not intended to
discuss the effects of the testing of nuclear explosives except as these My
have affected iteas in the natural background. The immediate effect of nuclear
testing (from the mid-1950s to 1963) was to release in the atmosphere large
quantities of radioactive fission fragment* (such as ̂ -90 and Cs-137) which
were not otherwise present in the environment. Thes* -.11 decay (or have
decayed) to inconspicuous levels providing the present ban on testing in the
atmosphere continues. As to the isotopes already considered in connection with
natural background, the effects were as follows: for Rb-87 — even though this- ._-
is a direct fission product — the amount added was much less than one percent •
of the natural abundance of this nucleus in the upper millimeter of the earth's "™1
crust. Eight of the other primordial radioisotopes are also direct fission
frapwents. For these, also, the contribution from testing was a very small gmi
fraction of the abundance of these isotopes in the topmost layer of the earth's •
crust. K-40 1s not a fission product, so there was no effect on that.
C-14 Is not a fission fragment, but It 1s formed by the capture of neutrons in ^
the nitrogen of the atmosphere. H-3 (tritium) 1s also not a fission fragment, •
but is a residue of the burning of thermonuclear fuel. The Inventory of C-14 -
in the biosphere was approxiMtely doubled as a consequence of weapons' testing. __4
The previously ascribed one mrea/yr from this source could have been raised to •
something between 1.5 and 2 mrea/yr. This incremental effect will decrease much •*
more rapidly than it would merely as a result of the radioactive decay of C-14
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(half-Ufa about 5.700 years) btcause of the process of equilibration with the
contents of tht deep ocetn reservoir. This process is believed to proceed with
a Man life of about 7 years, or so. The present (1986) level of C-14 in the
biosphere is about 20X larger than the "natural" level of C-14.

It has been estimated that the global inventory of tritium (H-3) was increased
by a factor of between several hundred and a thousand by the nuclear explosions
conducted in the ataospnere prior to 1963. With a naif-life of 12.3 years, the
amount of injected tritium w i l l by now nave been reduced by a factor like 5;
but. it still completely masus the effect of "natural" tritium, and will
continue to dominate for the next hundred years or so. Even at that, of
course, it is a rather small term in the total exposure to natural radiation.

(b) Apart from the radioactivity associated with essential constituents of the
body, there is some internal dose resulting from tha ingestion of "foreign"
radionuclides in the environment. The amount of these is not homaostatically """ •
controlled, but depends on their concentration in materials (air, water, and \
food) taken into the body. The items of particular concam hart art the v\
parental thorium and uranium and some of their daughters, such as radium.
Their gaseous daughter, radon, will be discussed separately latar.

Though the amount of these elements taken up in the body was onca, no doubt, ^
rather directly related to the concantration of these elements In tha local
environment, that 1s no longer so much tha case. It 1s still true that soma of
the underground water in Iowa and Illinois, as wall as at othar locations in
the country, has an unusually high radium content; but an Increasing fraction
of such water 1s now treated before it reaches a consumer. More significantly,
with tht grtatly incrtasad use of cannad and packaged foods (which may bt
processed anywhere in tha country) and tht countrywide distribution systam for
product of all sorts, tht U.S. food supply has btcomt homogtniztd to a vary
large extent. Consequently, in discussing tha uptake by 1ngast1on of tha
sarits radionuclidts it stems appropriate to usa tha avtragt values estimated
for tha U.S. Quite apart from the (relatively) straightforward matter of
assessing tht avtragt uptakt of uranium and thorium (and daughters), the matter
of correlating this with a whole-body equivalent dose requires composing a
number of radically different affects: the Ingested radionuclides spend some
time in the stomach, some time 1n the bloodstream, and some end up deposited in
the gonads and on the bone surfaces. Tht amount of thorium Ingested 1s
probably about the same as that of uranium; put the retention of thorium In the
body is very much smaller. As a consequence, most (80 or MX) of the Internal
dose from the series radionuclides 1s provided by uranium and Its daughters.
In the following discussion the estimates compiled 1n the 197S report, NCRP-45,
w i l l be presented; but at the end of this section on Internal exposure some
comparison will be made between these estimates and the newer (1966-87)
tstlaatas being considered by the NCRP. From HCRP-45, then,'the ingestion of
the primordial 'series radionuclides results 1n a whole-body equivalent dose
rate of about 7 mrem/yr. Uncertainties and differences which could readily
affect this estimate would not greatly affect the estimate of the total dose
from internal sources since this Is dominated by the dose from K-40, which is
about twice as large es that from uranium. Thus, with the exception of the
dose resulting from inhaled radon (and daughters), the dose equivalent rate
from Internal sources 1s about 26 mre»/yr — -20 fro» K-40, and 7, or so, from



uranium, ttc. This is tne numotr assumed in the assessment that the average
dost to persons in the U.S. is aoout 100 mre»/yr.

(c) The win additional so'.—:s of internal radiation is that resulting from tfie
innalation of raaon and its snort-lived daugnters. Radon appears at nearly tne
same rate in Soth the uranium and thorium decay series, and is tne only gaseous
element in these series. In the uranium series, the isotope Rn-222 is an
alk a-emitter with a half-life of 3.8 days. This allows time for an
ape tciaole fraction of the radon formed near tne surface to migrate into the
atatcsanere and to be carried aoout by the wind. In contrast, the isotope
Rn-220, which appears in the tnorium series, has a half-life of only 55 sec, so
that it does not succeed in migrating from the soil to an extent whicn warrants
consideration in comparison witn tne 3.8-day Rn-222.

Radon is an inert monatomic gas -• one of tne "nople" gases, which engage in
few, if any, cnemical reactions. Once released to the atmosphere these atoms
move freely about and tne products of their decay appear as single atoms and
attach themselves either to some molecule in the air or to an aerosol particle
and thus remain suspended in tne air for a considerable time. Radon decays by
cremission; and if this occurs while the radon atom is still suspended in air
there is no direct effect on human exposure. The immediate daughters of Rn-222
(Po-218, Pb-214, Bi-214, Po-214) nave short half-lives (from 0.16 nee, to 27
min) and their decays are^also likely to occur while the atom are still sus-
pended in the air. The f'rst and last of these decays art by o-emlssion; so
tnat, again, there will be no dirtct efftcts on exposure to humans — unless,
of course, the original radon atom, or one of these daughters had been taken
into the body by inhalation and the energy of the subsequent decay *trt
deposited there. However, the second and third daughters art fl-emitters, and
their disintegrations are accompanied by a large fraction of the gamma-ray
energy appearing in the uranium decay series. Thus, even if these
disintegrations occur while the daugnters are still suspended in the air they
would provide some external exposure to humans — though not a very important
component from radon concentrations normally encountered in outdoor air. The
(temporary) end-product of this group of decays is the (relatively) long-lived
Pb-210 (21 years). This undergoes two 8-decays followed by the emission of an
o-particlt, which terminates the uranium series in the stable isotope Pb-206.
There art essentially no gammas associated with the decay of Pb-210; so this
isotope contributes only to internal exposure. That could result either from
the inhalation of air in which Pb-210 were still present after the decay of
Rn-222, with some fraction of the Pb-210 being lodged in the body, or from the
ingestion of plant-life growing on soil in which the Pb-210 had been deposited.
The former is by far tht more important route for exposure to radiation from
Pb-210.

Very little radon 1s emanated from the surface of the ocean, and on this
account the concentration 1n coastal air is low and variable — depending on
whether the air 1s moving from inland or from the sea. In the continental air
mass, tht level of radioactivity 1s aoout 150 pC1 (pico-curiet: 10-l2 C1) ptr
cubic meter. A large fraction (>2/3) of the radon Inhaled 1s exhaled before 1t
decays, but tht solid radon daugnters (tht 21-year Pb-210 and the 140-day
Po-210) attach to tht surfaces of tht pulmonary tract — and particularly to
tht walls of tht hair-likt passages in tht stgmtntal bronchiolts. Tht dost
rate to tht tissues of tht lung from this cause has (In NCRP-4S) been estimated
as being about 90 mrtm/yr, and to tht bronchial epithelium about 450 mrtm/yr.
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t 0 12 times tht dost to tht lung tissut), tht whole-body tquivaltnt dost fro*
r of tht lung tissut would bt about 11 mrem/yr. If ont applies tht
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•xoosurt of tht lung
i CRP- recommended weighting factor of 0.08 to tht dost to tht bronchial epithe-
Hum this would add a* additional 36 arem/yr to tht wholt-body dost
touivaltnt. Adding to tht 80 mrem/yr alrtady identified (28 cosmic, 26
external and 26 internal), «t nave an average natural background expo sun for

( persons in tht U.S. of rathtr more than 100 mrem/yr, without taking into
account the proposed revision of the indoor/outdoor factor from 0.8 to 1.0,
*nicn would raise the external component from 26 to 32 mrem/yr.

up to this point the exposure to inhaled radionuclides (radon, etc.), has been
descrioed only in terms of persons breathing outdoor air. In fact, of course,
people spend a major fraction of their time indoors, and the radon levels in
owe I lings may be quite different (usually higner) than the radon levels
out-of•doors. Radon seeps into dwellings from the soil in which the basement
is embedded, from the materials of construction •- such as cinder blocks —
and. because the rate of exchange of air in dwellings is intentionally much
smaller than the rate of exchange of air outdoors (in houses weatherproofed for
energy conservation, a great deal smaller), the radon concentration In indoor
air may run much higher than in the ambient air outside. The effects of this
nave not been considered here as part of the "natural background," since thty
are, in fact, technologically enhanced and could (in principle, at Itast) bt
controlled. Thty do, nevertheless, provide an additional source of radiation
to which the population is exposed. Some (quite partial) surveys have been
conducted. Thtst do not ytt btgin to bt adtquate to establish an average level
for indoor radon exposure for the U.S. From the surveys which have been aadt
examples have bttn found in which tht indoor radon levels were ten, or more,
times larger than the continental outdoor average. Such a level would imply an
equivalent whole-body dose larger than the average already Identified by a
hundred — or even more — mrem/yr.

As stated earlier, the components of the dose equivalent rates from natural
background radiation as given above art dtrived from the data provided in
NCRP-45. In Its 1982 report the UNSCEAR directed much more attention to radon
than it had in previous reports; saying, in particular: "Inhalation Is now
recognized to be the most important pathway," — and "on avtragt about one-half
the effective dose equivalent from natural sources of radiation 1s now
calculated to bt dut to tht prtstnct of radon in the air Inside buildings."
In the January 1987 draft of a forthcoming HRCP report, the dose equivalent
values for cosmic radiation, terrestrial gamma radiation, and the Internal dose
frn* coimogenic ra«rtonuc11des and K-40 art changed very little. But there art
marked changes in tne components where the exposure is provided primarily by
•-radiation: the uranium contribution to Internal radiation, and, most
particularly, the dote attributed to Inhaled radon. These changes were in part
occasioned by the-Increase from 0"10 to 0*20 for a-radiation; but they were
also affected by new data showing higher concentrations of Pb and Po-210 in
bone, by hightr estimates for the tissue dose from radon decaying In the body,
and particularly by including some allowance for the higher level of radon
indoors as compared to outdoors. More specifically, the contribution of
uranium to the internal exposure is now being rated as about 10 to 15 mrtm/yr
whole-body dost tquivaltnt (rather than the value of about 7 noted above); and
the dose rate proposed for the bronchial epithelium 1s 2.450 trem/yr (rather
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tnan tnt 450 suggtsttd in NC3P-45). Applying tnt wtignting factor of 0.08 to
tnt dost to tnt broncnial tpitntliun would add about 200 mrtn/yr to tnt
wnoIt-body"dost tquivaltnt. In summary, tnt draft vtrsion of tnt forthcoming
rtport providts an tstimatt of tnt total avtragt annual exposurt to a otAOtr of fl
tnt population of tnt U.S. from sourcts of natural Background radiation of II
300 nrt«. *

It should bt nottc that tntrt is somt continuing controvtrsy about tht prootr •
wtignting factor *or tnt *nolt-bcsy tquivaltnt of dost to t.it broncnial tpi- ^
tntliurn. In aaoition, as al^eacv mtntiontd, tnt data to tstaolisn a country
widt avtragt of indoor raaon ccrcir-.ration is still far from coaplttt — fj
tnougn additional survtys on this point art in progress. For botn of thtst •
rtasons tnt tstimatt of tnt contribution from tnt broncnial tpitntlium to tnt
total dost must bt rtgaratc as st:*l in qutstion.

II. Ctltbrattd Hot Spots 1
Thtrt art locations in whicn tht natural background of ttrrtstrial radiation is ^
much higntr tnan tnost so far rtftrrtd to. A particularly notatIt or* ij tht "~ ' •
Ktrala Coast. (Tht statt of Ktrala is on tnt w«st coast of India ntar tht sou- \™
thtm tip.) In a narrow .strip, txttnding 100 milts, or so, along tht btach, O
nuatrous patents of monazitt sand art txpostd. (Tht mintral monazitt consists fj
of highly insolublt phosphatts of ctrium and othtr rart ttrth tltwnts in var- •
ious proportions, usually accompanitd by SOM thorium and, on occasion, small
amounts of uranium, and thtir daughttrs.) Tht most conctntrattd dtposits art ~
found in a 30-milt stction of tht strip; and tntrt tht monazitt contains from
8 to 10.5 ptrctnt thoriuffl by wtignt -- tht higntst known in tht world. About
70,000 ptrsons livt in this stction. Thtrt is, of courst, considtraolt varia-
tion in tht txttrnal ttrrtstrial txposurt rtctivtd by tht ptoplt rtsiding in
this rtgion (scat 3f tht dwtllings — which art mostly madt of coconut straw
and wood — bting locattd dirtctly on patents of monantt, and SOM not; somt
rtsidtnts bting taploytd outsidt tht high background arta, whilt othtrs sptnd
most of thtir tint ntar homt). Howtvtr, on tht basis of radiomttric survtys,
tht avtragt txposurt to ttrrtstrial radiation for tht 70,000 ptrsons in tht
rtgion has bttn tstimattd to bt about 380 mrtm/yr. For about 17,000 ptrsons
tht txposurt has bttn tstimattd to txcttd 500 mrtmVyr. It txcttdtd 1,000 trta/
yr for mort than 4,000 ptrsons; and it txcttdtd 2,000 mrtmVyr for about 500.
Ptoplt havt bttn living in this part of India for hundrtds of ytars. It is
vtry dtnstly populated, and it would stem unliktly that thtrt has bttn any largt
influx of ptoplt from outsidt for a long timt. In all probability most of tht
prtstnt rtsidtnts havt gtntrations of anctstors who also livtd in this rtgion.
Somt prtliminary tpidmmiological studits havt bttn madt, and mort art planntd.
Still — at Itast as rtportt** up through about 19W — no statistically signi-
ficant tvidtnct has bttn found of tfftcts rtsulting from tht unusually high
background radiation to which tht population of tht Ktrala Coast has bttn txpostd.

Imprtssivt deposits of monazitt sands also occur on seat of tht btachts of
Brazil, about 200 milts northtast of R1o dt Jantiro. In particular, in tht
town of Guarapari — which has a rtsidtnt population of 12.000 ptrsons, and a
sunBtr tourist population of 30 to 40 thousand — it has bttn tstimattd that
tht avtragt annual txposurt ratt to txttrnal ttrrtstrial radiation In tht town
is about 550 mrtm/yr. Along tnt btach of this htalth rtsort thtrt art patents
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of "black sand" (particularly favortd by tht tourists) on which tht radiation
levels art from flvt to t«n timts nightr than in tht strttts of tht town.

Thtrt is a small agricultural arta in China about 100 milts soutnwtst of Canton
in -men an aoprtciaOlt concentration of monazit* nas bttn atoositca by a l l u v i a l
action. About 80,000 ptrsons rtSTdt in tht high-radiation arta, and ovtr 905
of'tntse navt nad six or mort gtntrations of fortOtars wfio lived in tnt samt
arta. Thtrt art similar long-tstablishtd villagts at distancts of only 10, or
so, ion *ntrt tht conctntrations of U and Th in tht soil art from 3 to 10 timts
smaller; and thtst havt providtd a control group. Though tht txttrnal ttrrts-
•rial radiation Itvtl is four tints grtattr in tht hign-radiation arta than in
tht control arta tht total wnoIt-body txoosurt (including cosmic and inttrnal
comoontnts) is only 2.4 timts grtattr, bting about 230 and 95 mrtm/yr, rtsotc-
tively. Exttnsivt mtdical survtys havt bttn Mdt of tht two population groups
to obtain data conctrning such factors as morbidity and mortality ratts from
malignancies, spontaneous aoortion ratts, and tht incidtnct of htrtditary and '" .
congenital distasts. In addition, mort than 20,000 individuals from tach group \
wtrt txamintd to chtck for difftrtncts In chromosomal aPtrrations, Ituktmia,
and mtasurts of growth and dtvtlopmtnt. In a numotr of instances tht rtsults
for tht two groups wtrt tsstntially idtntical, and In no cast was a statistically
significant difftrtnct obstrvtd. Although no apprtciablt tfftct was found tht
Chintst Radiation Rtstarcn Group which conducttd tht studlts concludtd that tht ^
sizt of tht population group was too SMll to snow an nor incrtmtnts of dttrlmtntal
tfftcts at such low dosts.
In addition to tht «onazitt btachts thtrt Is a rtglon in Brazil with vtry high
terrestrial background radiation In a distinctly dlfftrtnt geological stttlng.
This is a volcanic arta about 200 tilts wtst (Inland) from Rio and txttnding
north from tnt city of Pocos dt Caldas to Araxa wntrt thtrt art Intrusions
containing mlntrals having clost to two ptrctnt thorium oxldt and ovtr ont
ptrctnt uranium oxidt. Radiation Itvtls up to twice thost nottd in tnt strttts
of Guaraparl havt bttn mtasurtd ntar Araxa, and on a small uninhabited hill --
tht Morro do Ftrro — ntar Pocos dt Caldas absorbed dost ratts in air up to
24 rads/yr havt bttn rtporttd. No large population groups apptar to bt axpostd
continually to tnt vtry hlgn radiation background 1n this rtglon.

In France locations providing absorttd dost ratts in air of about 1.75 rads/yr
art not uncommon, and tnt dlscovtry of a qultt small arta providing a ratt of
ovtr 80 rad/yr has bttn rtporttd. Thtrt art also locations in Paris wntrt ont
•ay rtctivt a biological dost of up to 350 mrtm/yr. Though no ont actually
livts in St. Ptttr's Squart In Home, many ptoplt sptnd apprtelablt timt thtrt,
wntrt it is rtporttd that tht paving stonts provldt up to soawthlng 11kt 400 trtm/
yr. Tht Fichttlgmolrgt 1s a granitic mountain ntar tht northtast bordtr of
Bavaria. Thtrt art- stvtral towns or villagts on tht siopts of this mountain.
On tht strttts of thtst vlllagts tht ttrrtstrlal vr*y txptsurt rangt* up to
mort than 500 mrtmVyr — tht Mghtst known 1n tht FUG.
In Grand Ctntral Station 1n Ntw York City — which was built with granitt from
tht Hillstont Quarry 1n Connecticut -- thtrt art locations whtrt tht txttrnal
ttrrtstrlal dost ratt 1s about S2S mrtm/yr. Stont from tht samt sourct was
ustd in constructing tht foundation for tht Statut of Llbtrty 1n Ntw York harbor,
and this also providts a high radiation txposurt. (Whilt 1t was optratlng —
from about 1740 to 1960 — tht Mlllstont Quarry was a favortd sourct of building
Mterial since 1t was immtdlattly adjactnt to tht short, and rock could bt
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-transported readily to locations on tnt East Coast. Tht radiation exposure of
parsons worKing in this quarry must have been Quite high.) Hign radiation
levels (absorbed dose rates in air up to 150 mrad/yr, or so) can also be found
in other granitic regions of N«* England, and, indeed, wherever else similar
rock nay Dt found at tne surface. A different setting for hign terrestrial
background radiation is presented by tne phosphate deposits in Florida. From
tnis appreciaoly uraniferous material terrestrial bacxgrouna radiation levels
of adsorbed dose rates in air UP to 150 mrad/yr nave been ooserved. Deposits
of pnosonate roc* occur throughout tne world. Among tne major pnospnate-
producing areas tne deposits in Soutn Carolina, Wyoming, and some of tnose in
Brazil nave higher concentrations of uranium than tnose in Floriaa, while a
numcer of otners are comoaraole to tne ones in Florida.

The remaining type of situation resulting in unusually hign exposures to natural
background radiation (excluding tne circumstances affecting unoergrouno miners)
has to do with water. In tne ionization states most usually occurring in natural
settings, radium is much more soluble and mooile than either uranium or thorium.
On this account water — and particularly warm water — flowing through beds of
sandstone or fractured granitic rock may accumulate concentrations of radium
very much higher than the concentration in the material through which the water
has bttn flowing. At locations where such water My emerge to the surface one
has the makings of a "radium spring,* or — where the neighboring population is
sufficient to support it •- a "spa."

Locally notable "hot springs" occur in all parts of the world. Many of these
becaae famous as "health resorts" long before the existance of radium was known,
and before measurements of levels of radioactivity were ever considered. Of
interest here is the fact that not only do some of the "waters" carry a level
of radioactivity which would now be regarded as distinctly unhealthy, but the
radon decay product of the radium in the water is released to the atmosphere
and provides an unusually high level of exposure to the population 1n the neigh-
borhood.
There are reports concerning a few notable radioactive hot springs. For example,
the springs at Tuwa, a village in India about 200 miles north of Bombay, have a
high concentration of Ra-226. In the air close to the main spring at Tuwa, the
Y*ray dose (from the short-lived radon daughters) has been reported to be about
10, or more, rad/yr. At a distance of about a dozen kilometers (and several
villages) downwind, this exposure rate falls to -750 mrad/yr. Similarly, in the
city of ftamsar, a resort on the Caspian coast of Iran, population > 10,000, there
is an area of a few square kilometers around the radium-bearing springs (which
emerge in downtown Ramsar) within which levels of absorbed dose in air have been
measured ranging from 1.75 to over 40 rads/yr.
The springs at BadgaJtain, Austria (about SO mile* south of Salzburg) have
received the) most extensive and detailed studies of radioactivity, both as to
the "waters," and as to the surrounding neighborhood. This famous spa has been
known as a "staring place" for mere than six hundred years. Already in the
18th century several thousand persons travelled there each year for treatment.
Over the centuries many accounts have been written (Including one by faraceIsus,
printed in 1562) describing the therapeutic effects of the baths at Badgastain.
Badgastein gained in popularity, so that by 1540, 30,000 visitors were reported,
and by 1970, about a million baths per year were administered, ly this time,
also, about 300 hotels were said to be operating in the region to accommodate
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visitors, and the permanent population of Badgastein and tnvirons was about
12,000.
In 1904 tho prtstnct at Badgastein of "tmanation" (as radon was then known) was
established by P. Curie and colleaguts. Subsequent studies have determined
tnat, although the amounts of U, Th, and Ra in the soring water are not excep-
•': anally hign, the Rn-222 content is outstanding. For most of the visitors, or
sea patients taxing only a few treatments, the dose received is low (froa a few,
to a few tens, of mre«i). For patients taking a "wnole cure" (a dozen 2-nour
sessions in the "thermal gallery" in wnicn the Rn-222 concentration is 3,OOO.pCi/l).
the dose to the lung tissue is about 900 mrem -- ana several times acre to the
bronchioles. By inhalation of Rn-222 the S or 6,000 permanent inhabitants of
Badgastem proper -- where the springs are located -- receive fro» 0.7 to
1.5 re«s/yr (in lung tissue). The bath attendants, other personnel connected
with the treatment facilities, and, particularly, the doctors attending patients
in the "thermal gallery" (a group of only a few hundred persons) receive fro*
about two, up to several tens, of rem/yr (to lung tissue) — or did receive such x

exposure until about 1970 when some corrective measures are said to have been . \
placed io effect. (The dose levels reported in this and previous paragraphs art
all in the "old scale" using Q*10 for alpha particles.) Surveys have been made
to compare the general health of residents of Badgestain with that of groups
living in similar circumstances -- but not having any enhanced radiation exposure. ^
These resulted in the conclusion that the longevity of the Badgestein residents
was not less, and the incidence of cancer was not greater, than that for the
other population groups. As of 1972 studies to identify possible radiation-
induced anomalies in cells had led to the tentative conclusion that at dose
levels up to somewhere between 0.3 and 1.0 rem/yr, there was no clear evidence
of cell damage. For doses larger than somewhere between 0.3 and 1.0 rem/yr,
there was an Increasing Incidence of (for example) broken chromosomes. Presumably,
sucn studies at Badgestain nave by now been extended.
There are many other well-known hot springs, or mineral springs, which have not
been discussed at recent symposia on high natural environmental radiation.
Thts could be because they have been studied, and found not to have radiolog-
ical features of Interest; or because specific studies have not yet been
Among these are the springs at Bath, in southwest England — a spa well-known
and used since Roman days. At about the same time as Curie made his findings
at Badgasteln, J.J. Thomson (who discovered the electron 1n 1897) reported the
existence of copious amounts of "emanation" at Bath, and suggested that the
salubrious properties of the waters there might be due to their radioactivity.
With respect to the waters at Saratoga Springs, New York — though it has been
pointed out that the waters bottled and distributed from there come from a
spring having low to moderate radioactive content — some of the long-time
residents, preferring the water from a different spring having several hundred
times the radium content recommended (since 1962) by the NCRP as "maximum
permissible," have been miking regular use of this more radioactive water for
periods up to 50 or 60 yean without any apparent deleterious effects. Reports
concerning the radioactive properties (1f any) of the springs 1n Vichy, France
(famous since Roman times) or at Hot Springs, Arkansas, or warm Springs,
Georgia, and many other locations could also be Interesting.
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III. Some local Survtys

Partial results from four sats cf observations of environmental radiation art
described. • The measurements rtported art tnt sum of contributions from tarrts-
trial gammas and comic radiation to t.it txpcsurt in air •- lastly in outdoor
a->. The data considartc wart ara^n from: (i) reports of EMl — the Emnron-
mtntal Measurements laooratory of tfit U.S. OOE; (ii) NUREG-0837, tha quarterly
rtoorts cf tna N«C Ti.2 Direct Radiation Monitoring Networx; (iii) tht annual
rtoorts cf the Los A'.aaioi Environmental Surveillance Grouo; and (iv) rtadings
taken in tnt course or' a mini-survty madt by the author in downtown Washington,
DC, in tnt early summer of 1985.

(i) EML Data

Ovtr mary ytars mtmoers of tnt staff of tht EML (initially tht AEC's Health and
Saftty laooratory -- MASL) havt studitd a vary widt ranga of asptcu of anvir^n-
mar.tal radiation. Htrt, only tr.rtt particular projacts ar« rtftrrtd to. Tht
first of thasa is a program initiatad in tnt fall of 1971 to monitor continuously
tna axposura laval in outdoor air. Thtrmoluminascant dosimttars (TUJ's) wart
sat up naar four rasidantial locations in tnt suourts of New York City, and wtrt
monitorad on a monthly basis. Tha sitas wart (roughly) 1n directions wast, north,
and aast, and at distances batwaan afiout 15 and 30 mil as, fro* Cantrarl Park.
Thasa locations ara all closa to saa laval (cosmic radiation axposura about
29 mrad/yr in outdoor air) and in tha Coastal Plain ragion (avaraga axposura to
tarrtstrial radiation praviously said to ba 23 mrad/yr). On this b*sis tha '
axposura at thasa locations would ba about 52 mrad/yr. *

Tha 10-yaar avaraga axposuras maasurad rangad from 53 to 60 mrad/yr — 1n
accaptacit confonnanca with tha nominal rational valua. Thm annual averages at
a givan sita wara observed to fall in the range (maximgfrm1n1mut/m1n1mui) of
only about 1QX, but tha measurements for a given month snowed differences of as
much as 4QZ from one year to another at a given site. Such differences were
attributed mainly to differences in tha annual snow cover and rainfall.
One consequence of such variability is that it may be difficult to obtain a
precise measurement of the size of some increment in exposure level (sucn as
might result from reactor operation or other non-natural source of radioactiv-
ity) — at least on the basis of TLO readings, and particularly if the Incre-
ment 1s smell compared to the background. The TLO registers the sum ef the
incremental and background exposures integrated over some period of time. To
assess the increment 1t 1s necessary to subtract the background contribution
from the total reading. Since the background may very, and cannot be read
separately, the background contribution will have to be assumed on some basis,
and this may leave room tcr considerable uncertainty in the actual size of the
increment. This could, of course, be greatly improved by the use of more
elaborate dmtectors, such as a spectrometer which could identify source Iso-
topes; but such equipment is not attractive for use in field monitoring.
The second EML project to be mentioned here is their continuous monitoring over
several yean of the natural radiation exposure rates at Shorehaai, KY, and the
EML station at Chester, MJ. The Shoreha* site Is on the North Shore of Long
Island, at sea level, and in the Coastal Plain region for terrestrial radiation.
Chester, NJ is a little more than 90 miles west of ShorehaB, at an altitude of

f
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joout 750 ft, and near the easttrn fringe of the Middle America terrestrial
region. The annual average exposure rates measured by EML were 59 erad/yr at
Shorenaa and apout 109 «nd/yr at Chester. The cosmic ray components w i l l have

I Been 29 and aPout 31 mrad/yr, respectively, so that the terrestrial components1 were aoout 30 and 78 mrad/yr. The terrestrial level at Shoreham is well within
the range (15 to 35) previously ascriped to the Coastal Plain region, but the

• level at Chester is just aoove the range (35 to 75) ascribed to tht Middle
America region. The 50 mrad/yr difference in exposure rates is smaller than
many of the variations identified earlier, but it is of interest to find that
U aoolied between locations which would not normally be thought of as widely

[ separated nor in different geograonical provinces of the country. Actually the
50 mrao transition is much sharper than indicated by the Chester-Shoreham
comparison since two of tne residential sites discussed above, for which the
average annual exposures measured by EML were within one end of that reported
for Shorenam, are less than 25 miles east of Chester.

The third EML project considered is their sponsorship of a series of Inter-
national Intercomparisons of Environmental Dosimeters. Eight such exercises
were held between 1974 and 1986 with participants from 130, or so, laboratories
from over 30 countries. The 710 exposure readings were compared with each other
and with control read-ings on continuously monitoring high pressure ionization
cnamoers. Many factors contributed to differences in the results obtained in
the intercomparison. These included effects from differences in packaging —
where both wall thickness and ambient temperature of the luminescent element
affected the readings; differences in calibration methods; in spectral response
— as for example between terrestrial gammas and cosmic radiation; problems with
signal loss, or "fading," for some phosphor types; and a few others.

The conclusion from the Intercomparison series was that over 8SX of the partic-
ipants obtained results within ±30X of the delivered exposures and that about
half the results were within ±10%. Some of the test exposures Included 1n this
observation were at higher levels than typical environmental levels, and 1n
general the percentage spreads in the readings are somewhat larger at lower
exposure levels. This is partly because the corrections which must be applied
for exposure during transportation and storage of the TLO's constitute a larger
fraction of the total. For this reason, also, TLD readings of background over

' short periods — much less than a month, say — will not be very accurate. It
follows that exposures reported from different countries or different laboratories
My not be fully comparable. However, it may be expected that surveys made by
a single organization using standard procedures and equipment will provide fairly
good data on the differences in exposure levels from place to place or from time
to time.

| (ii) NRC Survey of Nuclear Power Plant Sites
Since August 1579 (a fw months after the accident at TMI-2); the NRC has main-

. tained a network of TLO's around every licensed nuclear power plant site in the1 country, both those under construction and those In operation. In each CAM
about 40 detectors are emplaced in a reasonably uniform azlmuthal distribution
at various distances from the plant — nominally, 16 within 2 miles of the plant,

I but outside the plant boundary, 16 between 2 and 5 miles, and 8 between 5 and
^ 20 eiles from the plant. The detectors are collected every three months and
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realaced with fresn ones, and the readings from tne exposed detectors are
reported "in the quarterly series NUREG-G837.

The cosmic coaponent is unifora over the extent of the array at any particular
site, so that any variation in a smglt array w i l l be entirely aut to difftr-
tncts in tnt ttrrtstria! Sacncround -• unltss efflutnts froa an ootratinq plant
snould Itad to nigntr rtac-ings on atttctorj clost to tnt plant in tht downwind
di-ection. Howtvtr, tntrt is litt't tvidtnct of a gtntral pattern of tn-; jort
in tnt data colltcttd. arc for o'ants still unatr construction there is no sucn
consideration. Indeed, thtrt art tvict as ««ny instancts in whicn tht higntst _^
zonal avtrigt is for ont cf tnt two outer zones rather than for tht innermost •
zsnt. At two of tnt sitts detectors unusually close to the plant also had tnt ^
rvg.itst readings in the array. Tnt data froa thtst stations has bttn ignored
in tnt following, as has t.*t data froa a few other stations which provided pj
readings which were obvoui'v erroneous -• sucn as indicating Itvtls saalltr •
than that of tht cosaic component alone, or levels which, for one particular
quarter, were much higne-- than that for any other station in the array whilt,
for otntr quarters, the level at the saae station was not outstanding. In , .,- , M
NURE3-0837 tne exposure rates for the absorbed dose in outdoor air are listed \ el
in terms of mS/quartar;. but these are converted below to arad/yr. \

In the 4th quarter of 1983 arrays were operated at 69 sites, but froa trouble •
in collecting the data needed to normalize the detector readings at 12 of these *i
sites corrected data are available for only 57 sites. The average exposure '+
rate for the 57 sites during this quarter was about 66 arad/yr — in reasonable"7
agreement with the 70 arad/yr (30 cssaic plus 40 terrestrial) previously ioenvf-
fied as the country-wide population-weighted average value for the exposure
rate in outdoor air. The site average rates ranged froa a nigh of 108 arad/yr
(Fort St. Vrain) to a low of 42 arad/yr (Catawba). The highest (non-anomalous)
reading for a single station was 135 arad/yr at a location 13 a1 froa Fort St.
Vrain.

Of particular interest in the present discussion is the range of readings aaong
the various detector stations within the Halted extent of a single array. In
the 4tn quarter of 1983 the average over the 57 sites of the difference between
the highest and lowest exposure rates recorded at each site was 34 arad/yr.
Amongst the sites this difference ranged froa a low value of 16 arad/yr to a
high of 59 arad/yr. This aaxiaua spread was between two stations in the Surry
array where one station, 3.7 ai from the plant, recorded a rate of 39 arad/yr,
while the other, 11 ai froa the plant and 13 ai froa the first, recorded a rate
of 96 mrad/yr. Of course, the rates recorded at these stations — as for almost
all stations — change froa one quarter to the next as do the differences between
thwn; but during the whole of 1983 the difference in exposure at these two sta-
tions was 42 arad. This saae difference in exposure for the year also occurred
between two. stations, only 1.5 ai apart, in the array at North Anna. While the
aaxiauei spread within an array was found at Surry in the 4th quarter of 1983,
for the other quarters of the year (first through third) the aaxlaua spreads
were as follows: McGuIre (56), Surry (57), and North Anna (54). Along with
these eaxfouei spreads, In the NUREG-0837 data for 1983 differences in exposure
rates of acre than 40 arad/yr between stations in a single array were recorded
at acre than two dozen sites. In half of these Instances the stations Involved
were less than 10 ei apart. Except for the Far South East (as in Florida, for
example, where the terrestrial background on undisturbed land 1s generally too
small to allow rooa for variations as large as 40 ared/yr) these arrays had an
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essentially country-wide distribution: from the Pacific coast, through the
• Mio-continentaJ region, to the Atlantic.

Finally, considering that in tht NUREG-0837 survey there were nominally 8 sta-
tions oetwetn tn« 5 ana 20 mile circles around the plant, on tht average each

" station reoorted on an area of about 145 sduart miles. There is no reason to
S'jcoose tnat the extremes in the naturally-occurring exposure rates within the
arrays would necessarily be piciced up in this survey.

( i i i ) The Los Alamos Survey

For nany years the Environmental Surveillance Grouo of the Los Alamos Laboratory
• has monitored a large numoer of locations in tht technical areas of the Labora-

tory, and also in the surrounding neighborhood, for the presence of a long list
of possible radioactive and chemical contaminants in the air, soil, and water.
As a part of this operation they have maintained an array of TLDs to monitor

™ tne cosmic ray and terrestrial radiation background. A nutter of these TlO sta-
tions are outside the perimeter of the technical area at locations where normal \
Laboratory,operations would not affect the readings of the dosimeter*. Seven \

m of these outside stations are deployed 1n the townsita; and these are all in
generally similar (mesa-top) terrain, and are all at an altitude closa to 7250 ft
(2,200 m). They are all located within an arta somewhat less than 7 square miles,
and the extreme distance between any two of these stations Is only 3.5 miles. _

• These seven stations thus constitute a rather compact array. The measurements
reported are believed to be within 4 percent of actual levels.

The TLDs register the SUB of the absorbed dose 1n outdoor air fro* the cosmic
™ and terrestrial backgrounds — with the exception of the cosmic ray neutrons,

to which the particular detectors used are not sensitive. To obtain the total
background exposure it 1s necessary to add 11 mrem/yr to the TLD readings to

• allow for the neutron component (as taken froai the dose-altitude curve of NCRP-
45 at 2,200 m). The total exposures for the calendar year recorded by the TLDs
at each station are listed 1n the annual reports of the Surveillance Group.
Again from NCRP-45, the average exposure rata to cosmic radiation (excluding

« neutrons) at 2,200 m altitude 1s 60 mrad/yr. The average of the TLD readings
for all seven stations over the six-year period from 1980 through 1985 1s
116 mrad/yr. The average exposure from terrestrial radiation Is, then,
56 mrad/yr.•*
Over any particular time period the cosarlc background will, of course, be uni-
form across.this compact array, though over a six-year period the level will
change somewhat aa a consequence of the 11-year solar activity cycle. At the

, geomagnetic latitude of the Continental U.S., this variation has a maximum
i amplitude of less than 10X of the mean level. Changes 1n the array average

such as tnat betMoea 1380 and 1981 (from 123 to 100 mrad/yr.), or that between
•, 1982 and 1983 (froai Iflf to 131 mrad/yr.) will have resulted free) changes 1n the

1
1

1
1.

terrestrial background. Presumably such shifts are to be accounted for by
differences in precipitation, snow cover, and so forth — and, Indeed, there
was 30X more precipitation in 1982 than In 1983: 21.7" vs. 16.7." However, the
size of the changes froai 1982 to 1983 MS by no means the same at each station,
ranging from +u mrad/yr. to +35 mrad/yr. Another curious example of a station-
to-station variation occurred between 1984 and 1985. The array average exposure
was 116 mrad/yr. for each of these years; but, while the exposure at one station
dropped from 135 to 120, that at another, only 1.2 «11es away, Increased from
115 to 136f mrad/yr.
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The spread between the nignest and lowest rtadings in 1980 was only 25 «rad/yr-
"but for eacn of the otnt" annual perioos this spread rangtd between 30 and
40 mrad/yr ~ tvtn within tne very limited extant of this array. During tha
six annual intervals considered, tn« lowest exposure was recorded at ona or the
ot.ier of two stations, wni'e tnre* different stations wire involved in providing
the nignest reading of tn« yaar.

These examples, culled f-os the results of the Los Alamos survey, point up
'act that there is nucn more v*riaoiiity in tne natural bacxground radiation —
botn ever tine, and in soaca — tnan is brougnt to «ind by references to countrywide,
or even regional, averages.

(iv) Washington, DC

Be:.ig at sea level, Washington has a cosmic ray dose rata (including neutrons)
close to 30 nrem/yr. Since the neutron component in this cosmic ray flux is
quite small the difference between rads and rams 1s also small, and may be
ignored. Washington is in tna Coastal Plains Region for which the outdoor
exposure rata to terrestrial radiation is said to ba between 15 and 35 mrad/yr.
Tha natural background dosa rate in Washington should, then, be between 45 and
63 mrad/yr. Still, some question on this point 1s suggested by Alvin Welnberg's
measurement in May 1979 of a dosa rata of 250 mram/yr during a hearing in tha
Oirksen Senate Office Building. ,

Having this in nind, a hand-portable radiation rate-meter was taken on several
short excursions during May, June, and July of 1986. The resulting observa-
tions cannot be considered to constitute a survey, since they were made in the
course of visits to a somewhat random selection of targets. The rapid time-
response of the rate-meter made it attractive to take many of the readings en
passant, so tha precision of the readings was not Impressive — something like
±1 uR/hr. Still, the measurements were probably sufficiently accurate to per-
mit the grouping into the rather broad exposure ranges indicated below. The
rate-meter was calibrated in yR/hr; but that has been converted to mrad/yr using

» 8.76 mR/yr » 7.6 mrad/yr.

Tha following 1s a summary of the results of this mini-survey. The
given refer to exposure rates in ambient air in mrad/yr.:

• 60-75. Tha lowest rata observed MS about 60. This MS found in a
variety of locations: tha doorway of the older World Bank Building at
lath and G; the 5th floor of the Hart Senate Office Building; at street
level Inside the new Presidential Plaza at 19th fc I. Rates close to 75
were found alo*g First Str»et, SE.; on the stepi a«d among the columns in
front of the Supreme Court; the northwest doorway of the Russell Senate
Office Building; the Interior of the Lincoln Memorial; and the street in
front of in? H Street, as well as in the lobby and the large conference
room oo the 10th floor.

• 75-90. Examples were found along a number of streets (18th Street, I
Street, Pennsylvania, and 20th); the lobby of the lombardy Hotel; the
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lobby of tna National Science Foundation Building; and both on the street
Itvtl and tnt lower Itvtl of tht Farragut Wtst Metro station.

• 90-115. Ratas 1n this ranga were found on upptr floors of botn tht Oirkstn
and tnt Russtll Stnat* Office Buildings; on tnt strttt Itvtl of tnt new
World BanK Building at 18th and Ptnnsylvania (tntn undtr construction)
exctpt tnat tnt rate of about 90 incrtastd to about 115 on walking past
tnt concrete structural columns; outsiat tnt bast of tnt Washington Monu-
mtnt; tnt lobby of tnt Hay Adams; loooy of tnt New Extcutivt Office Build*
ing; upotr floors of tnt Lomoardy Motel; tnt nwn's roo«s and corridors on
tnt lOtn and lltn floors of 1717 H Strttt (about 15 higher wnen passing
concrtte columns); tnt roadway of East Capitol ntar tnt foot of tnt sttps
to tnt Capitol; tnt siotwal* along Pennsylvania Avtnut ntar tna Whita House
ftnct.

• 115-150. Insidt tnt Washington Monumtnt at ground Itvtl; btsidt the
Reflecting Pool; in Lafaytttt Square (about 30 higntr than on tnt other
side-of Ptnnsylvania Avtnut); tna strttt in front of tna New Extcutivt
Offica Building; on SOM sactlons of sidewalk such as that pavad with
bricks on Madison PI act, and tnt section pavad with ornamental stone slabs
at 17th and H — both bting about 30 higher than naarby sactlons with
concrata walks.

• 150-200. In this ranga wart the antryway at tha southaast corner of tht
Prtsidantial Plaza; tha porte-cochere on tha aast slda of tha Capital; tha
walk by tha Viat Nam Memorial; and tha staps from tha Reflecting Pool up
to tha Lincoln Manorial.

• >200. On crossing Madison Placa from tha aast slda of Lafayatta Square
(rata -ISO) ona can go through tha porch of tha Law Courts Building (rata
-265) Into a delightful patio (rata -240) and on Into tha lobby (rata -120).
On starting up tha staps to the Library of Congrass frost First Straat, SE.
(rata -75) ona comas to tha first landing (rata -ISO), than tha sacand
landing (rata -225), and than tha doorway (rata -3*0) and on Into tna lobby
(rata -115). On approaching tha north antranca of tha Old Exacutlva Offica
Building ona laavas tha sldawalk on Pannsylvanla Avanua (rata -115), goas
through a gateway in tha ftnct (rata -165), croists a flagstone-paved patio
(rata -190) and up to tha top of tha staps (rata -400) and into tha. lobby
(rata -135). Apart from thasa observations there 1s Welnberg's Senate
Hearing rooai (rata -250).

(v) Variability

01fftrances In natural background exposure rates of 50 to mere than 100 mrad/yr
nave already been Identified In earlier sections of this discussion. Such, for
example, as that In the cosmic radiation background between locations at sea-
level and locations at an altitude of 3 or 4 km., and as, also, that 1n the
terrestrial background between the Coastal Plain and the Denver, Colorado
Regions. Reference to these Instances suggests broad, sweeping changes as
between some location and another location a continent or part of a continent
away.
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However, tht variations noted in the local surveys just described take it clear
tnat the broad contours of the radiation intensity surface are overlaid by an
irregular, fine-texturefi nttworn of variations of appreciable size. It is not
necessary for an individual to travel from the cast Coast to Denver in order to
encounter large changes in ms rate of exposure to background radiation. Con-
sidtraolt variations «iH be experienced by a stationary individual in many
locations, by inoividuals traveling a few tiles to the store in many parts of
the country (as evidenced by tnt N«C survey), by individuals residing in one
house or in another houst a f*<* blocks away (as from the Los Alamos survey),
cr by individuals crossing from one side of the street to the other (as in
Washington). Of course, t.n« "countrywide, pooulation-weighted, average annual
exccsure" is a perfectly well-defined concept which is useful for some purposes,
tvtn if thtrt should not bt an incividual anywhere who actually receives just
that exposure for one year, let alcne two years running.

IV. Observations and Cements

We know that extreme exposures to radiation can bt fatal, and we know i fair
amount about the levels which produce lethal effects in a short time. We even
know tnat there is some risk that an exposure about twenty times smaller than
one resulting in a prompt fatality -- a whole-body exposure, that Is, of some-
thing like 20 or 30 ren of low-LET radiation delivered in a short time — mayr
with a rather poorly known probability, initiate processes which result in fatat
ity years later. However, there is a gap of about two orders of magnitude between
the dose levels for which observational data art available and tht levels pro-
vided by natural sources. As stated in UNSCEAA-77, "It must bt emphasized,
however, that such estimates" (referring to their estimate of -10"* fatal malig-
nancias/person-rad) "are derived predominantly from rates observed following
absorbed doses of over 100 rads," and "In particular, at low doses in tht region
of those received annually from natural sources, no direct Information 1s avail-
able as to tht level of induction of malignancies that might apply."
The human species has. of course, bttn receiving this natural background radia-
tion, including variations of tht sort already dtscribtd, through tht wholt
period of evolutionary time. Ovtr that period it has evolved from primitive
life forms, through tht earliest hominids, and on to modtrn man. In tht course
of this it will have experienced a largt number of mutations, of which some
fraction will have been induced by natural background radiation. It seems to
bt generally felt that the outcome of this process has bttn favorable.
In its development tnt species has accommodated to tht factors found in its
environment; and for many of these factors there 1s a range of exposure levels
whic* aorear to b« optiiMl for the well-be^ng of tnt organism. Frequently this
range 1s 1n tnt neighborhood of tht levels usually encountered. Exposures (or
supplies) at levels within this range may bt either neutral, tr btntfldal, or
essential to tnt organism's wtll-being; whtreas great dtf1citnc1ts may bt dttri-
mtntal or fatal, as may great axctssts. Such 1s tht cast, for example, for tht
physical factors of htat, light, sound, and mo1 start. It 1s also tnt cast for
many chemical substances such as Vitamin A, and tvtn materials containing arse-
nic and selenium, Thtse, and many other substance*, art essential 1n traca

junts but are deleterious or lethal at tvtn mtdtrata doams).
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An agent having beneficial effects at low levels which would not be indicated
oy interpolation fro* its known deleterious effects at high levels Is sometimes
referred to as "horaetic." It is not known whether low-LET radiation is horaetic
for the human organism, but it would not b« greatly surprising if such should
oe the case. A large nuaoer of. ixanplts of radiation homes is have betn observed
in a *iae range of plant ano aniMl spec its — at least as gauged by such factors
as growth rate, fertility, and longevity. Included in these observations Is a
series in which the rate of proliferation of a colony of bacteria increased as -
tne radiation level was raised to fourteen times the natural background, but
sec-«asec Dotn as the radiation level was raised still further, and as it was
reaucea oy a factor of six below natural background by 10 cm of lead shielding.
Suggestive as such observations may be, they are, of course, by no Mans conclu-
sive as to an hermetic effect of radiation on the specific and cooplex system
const-tut ing human tissue.

In contrast with this there is no doubt that a single quantum in damage a cell ,-
or induce a mutation. A quite enormous nuaoer of experiments we been conducted ' X
on cill colonies and various types of animals showing deleter 4* effects of N

exposures -of -10 rads, or more. Such observations are also suggestive; but, "-"
as pointed out in UNSCEAR 77, they do not yet provide any direct Information
concerning the incidence of carcinogenesis in man resulting froa exposures in
the general range of natural background levels. ^
There are many cautionary statements by many authorities calling attention to
the lack of actual knowledge on this last point. Those which appear in BEIR III
include the following:

• "The Committee does not know whether dose rates of gemma or X-rays of
about 100 mraoVyr are detrimental to man."

• "The quantitative estimation of the carcinogenic risk of low-dose, lowLET
radiation is subject to nuaerous uncertainties. The greatest of these
concerns the shape of the dose-response curve."

• "For the most part, the available noun data fall to suggest any specific
dose-response model."

• The collective Influence of the uncertainties which apply "is such as to
deny great credibility to any estimates that can now be aade for low-dose,
low-LET radiation."

• For its illustrative computations of the lifetime risk froa whole-body
exposure the Committee chose the situations of a single exposure to
10 raos, and a continuous lifetime exposure to 1 rad/yr, and then said:
"Below these oases, the uncertainties of extrapolation of risk were
believed by som» aeabers of the Committee to be too great to justify
calculation^"

In the face of these and other similar warnings that there 1s no factual basis
for any particular estimate of the risk -which might apply as a result of an
exposure in the range of one to a few hundred mrad, precise values are routinely
asserted for such quantities by regulators (and others) on the basis of the
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no-threshold linear hypothesis. Of count, difftr tnt prtcist valuts art
tqually ttrmly asstrttd by difftrtnt estimators si net tht slept of tht lint
tmploytd is optn to soot cnoict. For txamplt, tht avtragt risk of inducing a
fatal italignancy was taktn as bting "in tht rtgion of 10'Vrad" In UNSCEAR-77;
but tht cotfficitnt m u l t i p l y i n g 10"4 in tht tstioutt of tht numbtr of fatal i t i ts
ptr nan-rw has bttn var iously taktn to bt: 1.25 (1CRP-2S, 1977), 1.7 (BEIR 1972,
1980, and 10 CFR 20, *RC, 1985), 2.3 (NUREG-1150, 1987), 2.7 (40 CFR 191, EPA.
1985), ana 3.75 (40 CFR 193, EPA, 1987).

Though thtst assorted valu ts disc'ay tht lack of any absolutt technical basis
for tnt assumptions, to a vtry largt txtant tht no-thrtshold llntar nypothtsis
has bttn acccrasd tht status of an axiom. Two important coro liar its follow
fro* this hypothtsis. Tht first is that tht risk to tht individual is dirtctly
proportional to tht dost (that is, tht increment in txposurt ovtr natural back-
ground plus radiation rtctivtd for Mdical purposts) indtptndtntly of tnt sizt
of tht incrtmntal txposurt or tht Itvtl of tht background. (Tht medical com-
pontnt, incidentally, though hignly variablt frosi ptnon to ptrson, is tttiMttd
(NCRP, 1987) to add 53 artfl/yr to tnt avtragt txposurt of tftt population of tht
U . S . ) . Tht stcond corollary is that tnt colltctivt constqutnct* of an incrtsMntal
txposurt of a population art dirtctly proportional to tht 1nttoj»l of tht
incrtatntal nuaotr of lan-rta dtlivtrtd, Indtptndtntly of th« silt of tht
incrtatntal txposurts. For hypothttical Incidents, at Itut, tht incrtBtntal
total of Muvrta Is itstlf tht tndpoint of a cnain of assu^tions conctming }
•tttorological factors, individual bthavior, and so forth.
Not tvtryont subscribts to tht lintar nypothtsis. Thtrt art thost woo hold
that at low txposurts tht dost-rtsponst curvt 1s concavt downwards and Ht*
abovt a straight lint fro* tht origin so that tht tfftcta at low do«M will bt
largtr -• possibly auch largtr — than indicated by tht linear hypothesis.
Thtrt are also thost — including the eajority of tht BEIR III Coertttae — who
consider it probable that the true response curve 1s concave upwards, Has below
a straight line through the origin, and that the affects at low doses will bt
Itss — possibly considtrably less *>• than Indicated by tht linear hypothesis.
And then, as Mentioned above, there are those who hold that radiation oay be
hontetic. For those, exposures in SOM range of low doses would not necessarily
constitute any risk at all . Arguments can be (and have been) adduced 1n support
of each of these dose-response models; but, as already notad, the IHR III COST
eitttt concluded "the available human data fall to suggest any specific dost-
rtsponst modtl."
Whtther the fashionable linear hypothesis represents any biological reality or
not, it does have two features in Its favor. One (for wnlch few public claims
are made) Is that it 1s wonderfully economical of regulatory thought. The other
(that most commonly urgtd in its defense) is that 1t 1s said to be •prudent."
This nto-taehnical term — like Its sister regulatory term "conservative" — is
frequently invoked to provide an unassailable license to make mistakes, as long
as they arm mmde in the right direction, I.e., to overstate the negative aspects.
However, other considerations must also be taken Into account, and a •prudent"
tstimatt on one side of an equation 1s unlikely to be of assistance 1n striking
a (truly) prudent balance between conflicting considerations •• a balance, that
is, reflecting the exercise of good Judgment.

23



1
I
1
1
1
1
t

Tht ALARA principle nay bt taken as an example. Hert the intention is to reduce
risk, but tnt quantity whicn can bt directly affected by actions taken is
potential radiation exposure. It becomes progressively harder (and acre expen-
sive) to reduce the potential exposurt tnt lower the level at tnt start. Tht
resources devoted to the exercise of ALARA are themselves of interest to tnt
public; but the ALARA principle is open-ended. To avoid the indefinite and ulti-
mately pointless Iteration of cost-benefit analyses along with efforts to devise
means of reducing potential exposures to ever lower levels, there is an obvious
nted for some sort of floor for the further imposition of ALARA. Of courst,
along with ALARA and tht linear hypothesis we do havt tnt $1,000 ptr man-rtm
convention; but this merely intercalibrates the scales for risk estimates and
costs, albeit in a somewhat arbitrary fashion. It enables cost-benefit analysis,
and may serve to support a decision that some particular mechanical measure
estimated to reduce exposures by such and such an amount is not "worthwhile."
But it goes no way towards saying when furtner study may be laid aside. Neither
tne linear hypothesis — and particularly not the presumed prudence of the risk
estimates derived from it -- nor the $1,200 per man-re* convention provide any ,~ ̂  •
logical assistance in specifying a reasonable floor for ALARA. \

Similar conditions apply to attempts to establish a de alnimls dose. While
this and a floor for ALARA have much in common they are by no means Identical.
The one refers to a level at which further efforts at reduction would not be
mandatory. The other refers to a dose level at which the consequences (if any) ^
would be deemed trifling and would not warrant consideration ~ either by regu-
lators. Individuals, or society. It has been urged that the establishment of a
de minimi's level would serve a number of useful purposes, such as providing •
cut-off for regulatory efforts (presumably Including estimation of collective
doses), providing limits for control programs, and, conceivably, assisting 1n
developing a better public understanding of the significance of radiation
exposure. Any level selected will have to meet a number of conditions, among
then that it can be adequately measured, but also that it be capable of gaining
public acceptance.
The desirability of an official de m1n1m1s dose has been discussed for many
years among many groups. Most frequently such discussions have started (and
often ended) with attempts to decide on an "acceptable risk.* Levels for the
risk of premature death 1n the range of 10"* to 10'Vyr have been mentioned 1n
this connection and, with the help of the linear hypothesis, a corresponding
range of dose levels: from less than one to over a hundred mrmm/yr. It 1s, of
course, far from clear what an "acceptable" risk level may be, or even If there
is one. Much has been made of the fact that even In so-called "safe" Industrial
settings the (occupational) risk may run as high aa HTVyr; and, since this
appears to be acceptable, presumably any risk appreciably smaller — such as
10~*. say — ought to be acceptable too? However, this may not cover tne situa-
tion. For one tiling, the risks 1n familiar settings have not been so flamboyantly
identified, defeated, and belabored as they have for radiation, and may to a
large extent be accepted unknowingly. For another, there Is nothing to say
that risks similar to or even smaller than those applying to more familiar
activities would be deemed acceptable for radiation — partly In view of Its
being pictured as more mysterious, but at least partly because the official
assumptions have tended to endorse an unlimited and unreasoning fear. Such
psychological factors could well Interpose great difficulties for any risk-based
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approach to sattling on a rtasonaplt prtscriptlon for a dt miniais dosa. Thtrt
is also tfit aort basic point tnat to procttd froa t prt-assigntfl risk to an
associatid dost in a logical way z~t rtally nttds a fairly wtll-foundtd dost-
rtsponst corrtlation; out, as BciS ill nas tirelessly told us, w« do not n«vt
ont.

V. Conclusion

Confronttd with a zont of ignorar.ca i ftw dtcadts wiet wt havt adopttd tha
simol«st possiblt hypothtsis 'or ,j» jj 4 convtniint briogt. A priori it would
satffl ratntr unliktly that a ''r.aar ac>t-rtsponst function would actually
proviat a viry good dtscript:?n o' sucn a compltx biological rtlationship as
tnat bttwttn carcinogtncsis ari »aaiat:on axposurt. ?«rnaps tht btst that can
bt saia of it is that thtrt is a .«ajsrity opinion that it provides a "prudtnt"
dtscription. This cannot :a r«c.artta as an intalltctually satisfactory basis
for iaportant decisions, ptrticu'sr'y whan thtrt art soat ouitt rtltvant facts
which art known with ctrtainty. Amongst thtst is tht widt variation in tht
txposurts ptoplt rtcaivt natural'/

As a sufficitnt gtsturt.towards "prudinci" ont can Itavt asidt tftt aost txtrtnt
situations •• such as tht Andts, tnt Ktrala Coast, or tvtn tht htaring rooms in
tht Oirkstn Stnata Offict Building -- and still find that Billions of ptoolt
dwtll in low-LET radiation fitlds with Itvtls froa 50 to aort than 100 arta/yr-
largtr than tht avtragts usually assigntd to tht natural background of low-L£T
radiation. Thtrt is no tvidtnct t.-.at tht variations tncountartd by tntst quitt
largt contingtnts of tht sptcits art dttriatntal in any way. Such variations
art similar 1n naturt to tht othtr inhoaogtntitits which aark tht planat wt
inhabit: difftrtncts in wtathtr and cliaata. sunlight, altitude, watar, let,
and so forth. Thty art ftaturts of tht tnvlronaant in wnicft wt havt dtvtloptd,
and in which wt will continut to livt. For tht particular factor of txposurt
to radiation tht natural background, and its variations, providt tnt aost
ctrtain guidt and basis wt havt (and, quitt possibly, tht aost ctrtain guidt
wt tvtr aay havt) for considtration of such aattars as appropriata Itvtls for a
floor to ALARA and for a dt dinimis dost. (Thtst, of courst, ntad not bt tht
saat.) Though tht guidance wnicn night bt drawn froa oostrvatlon of tht broad
sptctrua of natural variations would havt a rtal basis, that would not point
claarly at any prtcist valut that should bt ustd for th» pur-posts wt art
considaring. It is not propostd to try to sptcify such a valut htrt. Howtvtr,
froa tht tvidtnct which has bttn prtstnttd it would apptar that any attaapt to
argua for a saalltr Itvtl than SO or 100 arta/yr would havt to construct its
support on tht aystlcal basis of tht lintar hypotntsis.

Tht aain intant of this discussion is to urgt that wt bast our actions and
dtcisions to tha txtant possiblt on things known. Quantitativt stataatnts
conctming risk do not fall in that catagory. Particularly offtnsivt in this
rtsptct art tha stataunts frtqutntly taittad by rtgulators to tht tfftct that
so and so aany "txctss fatalitits" will rtsult froa such and such an Inert-
atntal txposurt, or bt savtd by this or that propostd ntv procatfurt. Such
stataatnts-art not only without foundation — dtrlvtd, as thty art, by tht
application of soat siaplt scalt factor of unknown validity — but thty also
tand to givt tht unwarranttd and rtvoltlng iaprtssion that fatalitits art tht
coin of tht rtala 1n nucltar affairs. It 1s rtally of grtat laportanct that
coaaants conetrning risks, fatal Hits, and so forth should bt as factual as
possiblt. Thty should Itavt no rooa for doubt as to what tha rtal situation
is, naatly: that ntithtr wo, nor anyont alsa, knows UM prtcist rt)at1onsh1p
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between dose and response at low doses; but that, at Itast within tht rangt of
exposures discussed above, there is as yet no evidtnci of any dttrimental
tfftct* on win.

NOTE CONCERNING RADIATION UNITS

The units used throughout this discussion are tht "rad" and tht "rea."

The rad is the unit for tnergy depositid by ionizing radiation of any type in
any eaterial. One rad rtftrs to an txposurt rasulting in an absorbed tnergy
(or "dose") of 100 trgs/ga. To providt « correlation bttween the radiation
flux and the dose, it is necessary to specify the material considered. Thus,
one sptaxs of "an absorped dose in air" of so many rads. Si net there are Bore
tltctrons per gru in biological tissue than in air (resulting froa the larger
proportion of hydrogen in tissua) a given flux of radiation will deposit SOM- ^ '\
what acre energy per gran in tissue than in air. This differenca, however, is >.
rather saall (only 7X) and is usually ignored; so that, to a reasonable approxi- •—'
•ation, a radiation exposure providing an absorped dose in air of one rad would
be said to provide one rad of absorped dose in tissue.

Tha rea is the unit used to calibrate biological affects in huaan tissue. One ~
rea is the dose froa any radiation that produces biological effects in the body
equivalent to those fro» one rad of X-rays within a given energy range. One
rad deTivered by o-particles is eon damaging then one rad froa X-rays, even
though the aaount of 1on1zation per graa produced by the two would be the saaa.
In the case of the o-part1clt eost of Its energy 1s deposited in a very short
distance at the end of Its path, resulting in a very high level of 1on1zation
within a quite saall voluae. On this account an erpartlclt 1s said to have a
high Linear Energy Transfer (LET), and the radiation It provides Is referred to
as high-LET radiation. By contrast, an X-ray deposits Its tnergy acre uniformly
along the length of Its (longer) path, and X-rays (as well as y-rays and
a-particles) provide what 1s called low-LET radiation. To take account of
the differences in biological effects, a factor — variously referred to as
the Relative Biological Effectiveness (RBE) or Quality Factor — and, 1n
current writing, usually designated Q — is Introduced, by which the dose 1n
rads is multiplied to obtain the dose 1n reas. By definition, 0«1 for X-rays;
and is also taken to be unity for yrays *nd 0-part1cles. However, for
or particles, it is now officially agreed to take 0*20. A value of Q between S
and 20 Is currently assigned to neutrons.
One further convention is necessary, o-particlts as well as 9*particits,
deposit their energy 1n a quite thin layer of tissue iaaedlately adjacent to
their source. Thua, they do not provide a "whole-body" dose, but only a dose
to the organ (or stall portion thereof) in which the source of such radio-
activity aay be located. In order to assess the relative biological hazards of
the affects of radiation delivered by various means to various parts of the
body, one needs sow wey of translating any particular organ dose onto a coaaon
scale at a level judged to represent an equivalent overall effect. The ICRP
has devoted extensive efforts to developing a systea of "weighting factors"
whereby the dose to any particular region of the body can be converted to an
appropriate value of whole-body dose equivalent (O.E.). This 1s called the
effective" o.E. Thus, for example, the efftcts of a dose of x rea to the lung
tissue is taken to be adequately represented by 0.12 x rea of whole-body O.E.
Obviously, the SUM of all the weighting factors for the different organs, or
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body judged to be significant, must equal unity -• so that a
i each significant ctniar w i l l , when addto uo. equate ta a
of xrtm.

comment, it may :a nctea tnat tr.e classical unit for radiation
'.otntgen (R) -- is no longer in use, thougn it apotars in aany
cent rtoorts. rht floentgen was defined in tarns of the amount

.•iuctfl; m sar^icular: ant asu of charge in one cuoic cent:aettr
... «t stanoard tfnotraturv ana prtssura. This is equivalent to an aosorotd

dost in air of 87 ergs/gn (C.37 -40), or of 93 ergs/gm in tissua. At least in
discussions of natura1 oacfcgrsunc radiation (wnara air and tis»ue ara tnt aedia
of intarast) tnt rougn acjr3*iaatioo 1 R » i raa is fraauan'tly us«d. Today,
tntrt is tnt ntwtr SI unit for «nt-gy daoositad •- the Gray (Gy). Ona Gray is
the axoosurt resulting in t.ia aesosition of ont jouIt/kilogram (rather tftan
100 ergs/gm) so that 1 Gy * LOG rads. Similarly, tna SI unit for dose equiva-
lent in biological tissue — tr.a ji«vert (S») — is such tnat 1 Sv * Q Gy »
100 ra«s.

Finally, just as one c:uie (if one cnosa) calibrate velocity in terms of furlongs
per fortnight, there is the unit of the Working Level (VI) to calibrate or activity
in air, and the Working Level Month (WUt) for the integrated exposure to such
radioactivity. The WL is defined as i concentration of short-lived radon t
daughters which would result in the release of 1.2 x 10* Mev of «-energy per •
liter of air. The population of the radon daughters Po-218, Pb-21*. 81-21*. ' *
and Po-21* in radioactive eduilibriufl with 100pC1/1 of Rn-222 would release 1.3
x 10s Mev of ar-energy per liter, and would thus provide one WL. The WL* 1s
defined as the exposure to one WL for 170 hours. As with any attempt ta
correlate the concentration of airborne radioactivity with the dose delivered
to any particular organ (such as the lung) resulting '-osi inhalation, the staps
are store than a little complicated; requiring, as they do, either knowledge or
assumptions concerning breathing rate, departures froo radioactive equilibrium
(which essentially alwayfapply except in situations wnere the air fs quite
stagnant), the particle sizes of the aerosols involved, and the) extant to which
the individual radon decay products are attached (or not attached) to the dust
panicles within the air, as well as the physiological distribution and retention
of the materials inhaled. On the basis of averaging assumptions on each of
these points it has been taken that one WUt corresponds to a dose of aoout
12-14 rest to the segmental bronchioles. With the ICfJ weighting factor of
0.08, one WLM corresponds to a whole-body dose equivalent of aoout 1 rem.
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RADIOACTIVITY RELEASED FROM
PHOSPHATE-CONTAINING FERTILIZERS AND FROM

GYPSUM
RICHARD J. GUIMOND and JAMES M. HAROIN

Office of Radiation Programs, U.S. Environmental Protection Agency, Washington, DC 20460, U.S.A.

Abstract—Large amounts of uranium, radium and radium decay products are redistributed throughout
the environment due to the use of phosphate fertilizers. Potential radiological impacts resulting from direct
exposure, surface run-off, inhalation and ingestion of foods grown with fertilizers are discussed.
Also, waste gypsum piles, a by-product of fertilizer production, are a significant source of radon emissions
to air.

INTRODUCTION

Fertilizers containing phosphate have become essen-
tial to the world's agriculture. They are produced and
used worldwide in increasing quantities to replenish
natural nutrients depleted from soils because of fann-
ing and erosion. However, the mining, processing
and use of fertilizer materials in massive quantities
redistributes radioactive trace elements throughout
the environment, principally uranium, radium and
radium decay products.

Gypsum is the by-product of the production of
phosphoric acid used in the manufacture of phos-
phate fertilizers. Phosphate rock is treated with
sulfuric acid to produce phosphoric acid, which is
then combined with either ammonia or a form of
marketable phosphate rock to produce ammonium
phosphates and concentrated superphosphates, re-
spectively. A form of impure calcium sulfate called
gypsum is removed as a precipitate. This gypsum is
normally disposed of simply by placing it into large
tailings piles, which remain indefinitely. Most of the
radium in the phosphate rock is co-precipitated with
the gypsum. Thus, gypsum piles become a source of
radioactivity released into the environment.

THE MANUFACTURE OF FERTILIZERS

Fertilizers are made up of materials containing
nitrogen, phosphorus and potassium. Generally, the
nitrogen is derived from an ammonia based material.

the phosphorus is obtained from phosphate rock, and
the potassium comes from potash. The nitrogen
portion contains negligible radioactivity. The phos-
phorus portion may contain substantial concentra-
tions of uranium, thorium and radium and their
decay products. The potassium portion has a small
amount of potassium-40, in accordance with its gen-
eral concentration in nature.

Drastic chemical treatment with strong acids (sul-
furic or phosphoric) is necessary to produce soluble
phosphate products. This technique of producing
primary fertilizer products is called wet process
phosphoric acid. In this process, phosphate rock is
combined with sulfuric acid to form normal super-
phosphate. This fertilizer product is a mixture of
phosphoric acid and gypsum (calcium sulfate). If the
gypsum is filtered out of the material, the resultant
liquid fertilizer product is phosphoric acid. By
combining phosphoric acid with phosphate rock,
another fertilizer product, triple superphosphate, is
produced. Finally, combining phosphoric acid with
ammonia forms various ammoniated phosphate
fertilizers. These processes and their products are
illustrated in Fig. 1.

SOURCES OF RADIOACTIVITY IN FERTILIZERS
AND GYPSUM

The radiological importance of fertilizers of a
specific country is dependent on where the phosphate
rock used to make the fertilizer is mined. Investiga-
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Fig. 1. Primary phosphate fertilizer production flow diagram
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Table t. Radioactivity (Bq/g) in phosphate rocks

Rock origin
Morocco
Morocco
Taiba-Togo

(calcined)
Bu-Craa

(Western Sahara)
Kola (U.S.S.R.)
U.S.A. (Florida)
U.S.A. (Western)

Percent
phosphate

34
35
35

34

39
32
31

Ra-226

1.6
1.6
I . I

0.9

0.03
1.6
1.0

U-238

1.7
1.7
1.3

0.9

0.04
1.5
1.0

Th-232

0.01
0.02
0.03

0.007

0.08
0.02

K-40

0.02
0.01
0.004

0.03

0.04

0.02

tors have reported a wide variation in the concentra-
tions of radionuclides in phosphate rocks (Menzel,
1968; Guimond and Windham, 1975; Pfister et al.,
1976). Typical concentrations of uranium and radium
in phosphate rock from various places in the world
are listed in Table 1. Uranium is reported to range
from about 0.1 to 10 Bq/g, but there can be substan-
tial variations in the concentrations of a given
radionuclide within a specific country. For example,
in the United States, radium concentrations range
from about 0.2 to 2 Bq/g, with ores mined in Florida
having the highest concentrations and ores mined in
Tennessee having the lowest.

In 1983, about 135 million metric tons of phos-
phate rock were produced worldwide (Stowasser,
1985). About 46% originated in the United States or
Morocco, and the remainder came from over 25
different countries in North America, South America,
Europe, Africa, Asia and Oceania. These production
data are summarized in Table 2. International trade
in phosphate rock is summarized in Table 3.

There are very few analytical data available regard-
ing the radioactivity content of the multitude of
fertilizer mixtures used in the world. The concentra-
tions of uranium, thorium, and radium and their
decay products in some commercial fertilizers in the
United States have been studied by the U.S. Environ-
mental Protection Agency (Guimond and Windham,
1975; U.S. Environmental Protection Agency, 1977,

Tabk 2. World phosphate rock production— 1 983
Production Production

Country (kt) Country (kt)
North America Aaa
U.S.A 42,573 China 12,669
Mexico 700 Christmas Is. 1,094

Israel 2,969
South America 3.229 Jordan 4,749

Vietnam 220
Other 3.614

Europe
U.S.S.R. 27,200
Other 498 Oceania

Australia 21
Nauru 1.684

Africa
Algeria 898
Morocco 20.106
Senegal 1,249
Rep. ofS. Afr. 2,742 Total 135,000
Togo 2.081
Tunisia 5.924
Other 780

1978). Also, the concentrations of radionuclides for
various fertilizer products used in Germany were
measured by Pfister et al. (1976). These data are listed
in Tables 4 and 5, respectively.

The differences in the radioactivity concentrations
of the various basic fertilizers listed in Table 4 are
principally due to the partitioning that occurs during
the acidulation phase of phosphoric acid production
(Guimond and Windham, 1975). Most of the radium
stays with the gypsum, whereas the uranium and
thorium remain with the phosphoric acid. Since
normal superphosphate contains both phosphoric
acid and gypsum, it has the largest concentration of
radionuclides. Commercial fertilizer blends made
from normal superphosphate would be expected to
contain more radium and other radionuclides than
fertilizer blends made from other basic fertilizer
materials. Commercial fertilizer products derived
from phosphoric acid would be expected to contain
the smallest concentrations of radium, but they may
have substantial concentrations of uranium. How-
ever, in the United States, many plants have installed

Tabk 3. International trade in phosphate rock — 1983 (principal
exporting countries)

Exporting Quantity
country Destination (kt)
U.S.A. Canada 2648

Western Europe 3776
Asia 3498
Eastern Europe 863
South America 440
Oceania 390

Morocco Western Europe 9445
Eastern Europe 2760
South America 802
Asia 138S
Oceania 35

Algeria and Tunisia Western Europe 722
Eastern Europe 846
Asia 20

Israel and Jordan Western Europe 2148
Asia 1694
Eastern Europe 1454
Oceania 80

Senegal Western Europe 877
Asia 315
Eastern Europe 57

Togo Western Europe 1174
Eastern Europe 799
Asia 20

U.S.S.R. Eastern Europe 3701
Western Europe 1193

Pacific Islands Australia 1687
New Zealand 756
Others 1 16
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Radioactivity released from fertilizers

Table 4. Radioactivity (Bq/g) in United States fertilizer products

311

Product

Superphosphate
Triple Superphos (Florida)
Triple Superphos (Western)
Phosphoric Acid (Florida)
Monoammonium Phos (Florida)
Monoammonium Phos (Western)
Diammonium Phosphate (Florida)
Diammonium Phosphate (Western)

Percent
phosphate

IS
38
38
28
54
54
46
46

Ra-226

0.78
0.78
0.52
0.037
0.19
0.031
0.21
0.024

U-238

0.74
2.1
1.6
0.93
2.0
1.0
2.0
0.78

Th-232

0.049
0.17
0.11
0.06
0,074
0.06
0.003

Table 5. Radioactivity (Bq/g) in German fertilizer products

Product
Superphosphate
Triple Superphosphate
Thomasphosphate
Hyperphosphate
Novaphosphate
Carolonphosphate
Rhenania-Phosphate
KakHphosphaie
ENPEKA-Ammon-phosphate
Diammonium Phosphate

Percent
phosphate

18
38

14-17
29
23
26

28-30
38-40

52
45

Ra-226
0.52
0.23
0.007
0.84
0.75
0.57
0.03
0.055
0.089
0.019

U-238
0.52
0.80

<0.04
0.88
0.78
0.92

<0.04
0.81
2.3
2.2

Th-232
0.015
0.044

< 0.004
0.16
0.015
0.03
0.06

< 0.004
0.048
0.019

Table 6. Radioactivity (Bq/g) in selected German fertilizer blends

Commercial name
Compku (15/15/15)
ENPEKA (12/12/17)
KAMPKA (13/13/21)
Neues AmSupka
NITROPHOSKA (10/15/20)
RUSTICA (13/13/21)

Percent
phosphate

15
12
13
12
15
13

Ra-226
0.34
0.29
0.055
0.50
0.26
0.007

U-238
0.54
0.67
0.25
0.63
0.62

<0.04

Th-232
0.011
0.004
0.022
0.007
0.019
0.044

solvent extraction circuits, enabling the recovery of
uranium as a co-product rather than shipping it as a
contaminant in the fertilizer. Five plants in the
United States now have the potential to recover up to
a total of 1.7 million kg of uranium oxide each year
(Stowasser, 1985a).

Commercial fertilizer blends made from triple
superphosphate, ammonium phosphates, or other
basic fertilizer materials are likely to have radium and
uranim concentrations lower than the primary phos-
phate fertilizers. Typical concentrations are
expected to be about 10-50% of the concentrations
listed in Tables 4 and 5, because the basic fertilizer
products are used in those proportions in many
fertilizer blends. This is demonstrated by the data in
Table 6 as obtained by Pfister for some blended and
mixed fertilizer products used in Germany (Pfister el
al., 1976).

RELEASE OF RADIOACTIVITY FROM FERTILIZERS

The release of uranium and radium to the environ-
ment due to fertilizer use may be illustrated using
United States fertilizer consumption data. Weighting
United States consumption data by proportions orig-
inating in the South and West of the country and
applying the appropriate concentration data from
Table 4 (Stowasser, 1985b) produces the estimates of

14,000 and 990 GBq of uranium and radium respec-
tively entering the United States biosphere each year,
as shown in Table 7. This is only a small percentage
of the total radium associated with fertilizer produc-
tion as most of the radium remains in the gypsum
waste piles. As fertilizer production moves towards
phosphoric acid and ammoniated phosphates rather
than normal superphosphate or triple superphos-
phate, there is more efficient removal of the radium
from the wet process plant to the gypsum pile.

Using the same method suggests that about
4000 GBq of radium are introduced into Western

Table 7. Radioactivity (GBq) in fertilizer used in the United States
(I984r

Region
Northeast
Lake slates
Com bell
Northern plains
Appalachia
Southeast
Delta stales
Southern plains
Mountain states
Pacific
Total

Phosphate
<kt)
220
540

1500
460
400
320
130
350
240
270

4490

Ra-226
48

120
330
100
88
70
42
77
53
59

987

U-238
710

1,700
4,800
1,500
1.300
1.000

610
1.100

770
870

14.360

Th-232
19
45

130
39
34
27
16
29
20
22

420
'Estimates of total radioactivity developed from data on fertilizer

production in the United Stales for 1984 by weighting the
production data by proportions originating in the South and
West and applying concentration data from Tabk 4.
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Europe each year in fertilizers (Stowasser, 1985a).
This is likely to be an underestimate because it is
based only on the phosphate rock imported into
Western Europe and does not include the fertilizer
products directly imported.

Release through run-off and leaching
Elements such as phosphorus and potassium are

not generally recycled to the biosphere in large
quantities. These elements, if not intercepted by
plants or held by soils, have a one-way journey to the
sea. This is also the fate of the various radionuclides
that are incorporated with potassium and phosphate
nutrients (Miller, 1972; Mistry et al., 1970).

Spalding examined uranium concentrations in
numerous rivers flowing into the Gulf of Mexico
(Spalding and Sackett, 1972). His studies indicated
increased uranium concentrations when compared to
20-year-old data for the same rivers. He attributed
these increases to the widespread application of phos-
phate fertilizers in agriculture. Radium is likely to be
more insoluble and to stay with the sediments. In-
creased recovery of uranium from phosphoric acid
should reduce the amount of uranium available to the
environment as run-off in future years.

Comparison to Table 7 shows that about 40% of
the total radioactivity distributed by fertilizer use in
the United States during 1984 was in the Mississippi
basin States. A rough estimate suggests that about
390 GBq of radium and 5700 GBq of uranium
were present in the fertilizers used in Illinois, Iowa,
Minnesota, Missouri, Wisconsin, Kentucky, Tennes-
see, Mississippi, Arkansas and Louisiana. Conse-
quently, the Mississippi and its water basin probably
receive the greatest amount of radioactivity from
agricultural run-off in the United States.

Release through crop uptake
Since most fertilizers are used to improve crop

yields, there is concern about the potential uptake by
plants of the trace radionuclides present in the fertil-
izers. Using mean values of the specific activities of
natural radionuclides in phosphate fertilizers, Pfister
estimated the maximum build-up of uranium and
radium in soils that might occur in Germany due to
fertilizer usage (Pfister et al., 1976). A maximum
fertilizing intensity of 1525 kg/ha was reported in the
region of Wurzburg in 1973-74. From this, he calcu-
lated that about 3.2 MBq of uranium and 2.2 MBq of
radium might be added to the soil each year. Much
of the uranium, radium and thorium is likely to be
strongly adsorbed by the soil, as is phosphate (Shultz,
1965). Consequently, there is some build-up of
radionuclides likely to occur in heavily fertilized land.
Guimond and Pfister estimated that such build-up
may range from a few percent to greater than the
original radionculide concentrations in the soil
(Guimond, 1978; Pfister et al, 1976). Radium and
uranium are normally present in soil in concentra-
tions of about 0.004 to 0.11 Bq/g of soil.

Studies by several investigators have indicated that
food crops take up radionuclides such as radium and
uranium from the soils in which they are grown
(Mistry et al., 1970; Penna Franca et al., 1965;
Walters and Hansen, 1979). The amount of uptake
has been shown to be dependent upon several factors,
including solubility, crop type, soil type, and calcium
concentration in the soil. In most cases, the relative
concentration factors (concentration in dry plant
material/concentration in dry soil) was less than 0.1,
suggesting that the radionuclides are excluded to
varying degrees. None the less, increases in soil
radioactivity concentrations due to fertilizer use may
be accompanied by some increases in the radioactiv-
ity present in various food crops, although generally
it should be small. Investigations in New Zealand,
Australia and the United Kingdom have shown
increases in the respective o-activity of wheat grains
and sheep bones after wheat fields and grazing areas
were intensively fertilized with superphosphate
(Marsden, 1964).

Releases to air and exposure to y-radiation
Windham studied workers in wet-process fertilizer

plants in the United States (Windham et al., 1976).
He reported that workers who come in close contact
with large amounts of phosphate ore and fertilizer
products are subject to the inhalation of dust gener-
ated by unloading, crushing, drying and transport.
He reported a maximum potential dose equivalent to
the lungs of about 50 mSv/y. He also estimated that
direct y-dose equivalents for workers ranged from
about 0.3 to 3 mSv/y. There are no data on workers
at blending and mixing plants and storage facilities,
but direct exposures from worker proximity to large
quantities of fertilizer could be similar to the direct
radiation exposures measured at wet-process phos-
phoric acid plants. Such exposures could substan-
tially exceed typical natural radiation background
exposure.

Umwelt calculated that, based on fertilizer use
in Germany, an external radiation exposure of
1.1 /iSv/y could occur to the gonads and bone mar-
row from one application of phosphate fertilizer. By
estimating the total amount of fertilizer applied dur-
ing an 80-year period, he calculated that a member of
the general public could receive about 17 /iSv/y from
external exposure to phosphate fertilizers and that
agriculturally employed persons could receive about
20 j/Sv/y (Umwelt, 1975). Pfister made similar calcu-
lations based on slightly different assumptions. He
concluded that a member of the general public was
not likely to receive more than about 4 pSv/y due to
fertilizers and that an agricultural worker would
receive about 13/jSv/y (Pfister et al., 1976).

RELEASE OF RADIOACTIVITY FROM GYPSUM PILES

There is a large amount of by-product gypsum now
stored in waste tailings piles. There are approximately
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60 gypsum piles at 40 different locations in the United
States, primarily in the States of Florida, Idaho,
Illinois, Louisiana and Texas. These piles are a
by-product of an industry that produces phosphoric
acid at a rate that reached approximately 10 million
tons in 1981 (The Fertilizer Institute, 1982). The total
surface area of these piles is about 3300 ha (U.S.
Environmental Protection Agency, 1987). As the
worldwide consumption of phosphate is approxi-
mately five times that of the United States, the
world-wide gypsum pile inventory may be about in
the same proportion (The Fertilizer Institute, 1982).

In the United States, the gypsum is usually trans-
ferred to nearby disposal areas with little or no prior
preparation of the land surface. The gypsum slurry is
pumped to the top of the pile, where it forms a small
impoundment. The pile is enlarged by dredging gyp-
sum from the impoundment to increase the height of
the walls that enclose the impoundment. Such piles
may eventually reach 300 ha in area and 60 m in
height (U.S. Environmental Protection Agency,
1987). Most of the radium in the original phosphate
rock processed through phosphoric acid plants re-
mains in the gypsum piles.

Radioactivity in the gypsum pile may escape by a
variety of mechanisms. The radium becomes a source
of radon, which continuously diffuses to the surface
of the pile and escapes to the air. When the pile dries
out there may be wind erosion at those locations
where the surface is disturbed, e.g. by a bulldozer or
other vehicles. Then, radioactive paniculate matter
may escape from the pile into the air. Rain water may
pass through the pile, leaching radionuclides into the
ground water and nearby surface waters. Finally, if
this by-product gypsum is removed from the pile and
used as a building material or soil conditioner, or for
some other use, there is usually a greater probability
that radionuclides will escape into the environment.

Releases to air

Table 8. Radionuclide concentrations (fiBo^M1) in paniculate*
_________collected near a gypsum pile_________

460 m upwind 115m downwind
Radionuclide ______from pile edge

3.7
4.1

Horton has measured the radon emission rates
for two phosphate gypsum piles in central Florida
(Horton, 1986). Both piles had an average radium
concentration of about 0.9 Bq/g. The release rate of
radon was measured to be about 3600 Bq/m2/h; the
total annual release rate was estimated to be
25 TBq/y for a pile with an area of 82 ha. The escape
rate varied by almost two orders of magnitude at
various measured points on the pile. This variation
can be explained by nonuniform distribution of ra-
dium in the pile material and moisture content in the
pile. Meteorological parameters such as barometric
pressure, wind speed, ambient temperature, and hu-
midity might potentially influence the release rate.

Hartley made more detailed measurements of
radon emission rates for two phosphate gypsum piles
in Florida over a 4-day period (Hartley and Freeman,
1986). The average radon escape rate was
2500 Bq/m2/h. For the drier areas, the escape rate was
1500-3800 Bq/m2/h; while for the wet areas it was an

average factor of 9 less. Locations on the pile covered
with 8-15 cm of soil had an average radon escape rate
of about 900 Bq/m2/h.

The U.S. Environmental Protection Agency has
recently measured radon releases at four active and
one inactive gypsum piles over a year-long period
(U.S. Environmental Protection Agency, 1987). Mea-
surements were made at weekly and monthly inter-
vals at 10 sites on each pile. The overall escape rate
for all locations on the four active piles was
2500Bq/m2/h; for the inactive pile for the same
period, the escape rate was 500 Bq/m2/h. Experience
in central Florida has shown that when gypsum piles
become inactive, a thick crust forms, which acts a
natural barrier to radon emissions, reducing the
escape rate by about a factor of five. The concentra-
tion of radium in these piles acting as the source of
the radon was approximately 1.1 Bq/g. The corre-
sponding uranium concentration was about 0.1 Bq/g.

The U.S. Environmental Protection Agency (1987)
has estimated the total release of radon from all
gypsum piles in the United States as being about
330 TBq/y from a total surface area of 3300 ha.

When there is vehicle traffic on the pile, paniculate
emissions to air from gypsum piles can be observed.
Wind erosion normally does not occur because of the
protection afforded by the high moisture content of
the active piles or the crust that forms on inactive
piles. Airborne radioactive particulates have been
collected in the vicinity of a gypsum pile over a 4-6
month period. Upwind and downwind radionuclide
concentrations are shown in Table 8 (U.S. Environ-
mental Protection Agency, 1987). However, not all of
this radioactivity was thought to be due to the pile;
most may be due to dust from the ground. The
annual paniculate escape rate was estimated for a
typical pile by means of a fugitive dust emissions
model (U.S. Environmental Protection Agency,
1987). These estimates are shown in Table 9 and

Table 9. Estimated emissions in paniculate*
released from a typical gypsum pile due to

vehicular traffic*

Radionuclide
U-238
U-234
Th-232
Ra-226
Rn-222
Pb-214
Bi-214
Pb-210
Pb-210

Emission rate
(MBq/y)

2.3
2.4
3.7

23
23
23
23
26
20

•A generic pile of 31 ha.
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represent particulates that are 30 p or less in dust
escaping from the pile due to 4000km of traffic
movement per year. Most of the risk due to inhaling
these particulates will be due to the radium emissions
of 23 MBq/y.

Release to ground and surface waters
The radium in gypsum piles is most likely in the

form of radium sulfate, an extremely insoluble com-
pound. Therefore, it might be expected that
significant amounts of radium would not leach from
the pile into ground and surface waters. Strain has
measured the radium and radon concentrations in
ground and surface water near a phosphate mining
and manufacturing facility in North Carolina, finding
some evidence of release of radium to these waters
(Strain, 1979). Most well water samples in the area
around the facility had radium concentrations of less
than 0.07 Bq/1; radon concentrations were typically
less than 20 Bq/l. Significantly higher concentrations
of radium and radon, as much as 6 Bq/1 and 700 Bq/1,
respectively, were observed in four wells. Concentra-
tions of radium in river water downstream of the
plant were twice as high (0.1 Bq/1) as in water up-
stream of the plant (0.05 Bq/1).

In the Netherlands, 2 Tg/y of phosphogypsum is
disposed of into the Rhine River. Koster has noted
this has led to an increase of uranium-238 chain
radionuclides along the Dutch coast off Rotterdam,
decreasing in a northern direction into the German
bight (Koster et al., 1985).

Releases due to use as building materials
Gypsum is used in building when it is processed

into wallboard for use as an inner wall construction
material. Natural gypsum low in radium is normally
used for this purpose, but the potential for using
by-product gypsum has lead to investigations of the
radon escape rate from this material. Mustonen has
measured rates of radon emission from by-product
gypsum building material with different thicknesses
and radium concentrations. Values are given in Table
10 for Finnish material (Mustonen, 1984). As exam-
ple, for a 10-cm thick slab of gypsum with a radium
concentration of about 0.5 Bq/g, the escape rate
measured was 20Bq/m2/h. The rate of escape of
radon from gypsum is considerably less than that
from concrete slabs of the same thickness, about a
factor of five. But due to a lower radium content in

Table 10. Radon released from gypsum slabs
Gypsum slab

thickness
(cm)

6.7
20
15
10
7.5
5.0
2.5

Radium
concentration

(Bqkg-1)
320
480
480
480
480
480
480

Rate of
radon release
(Bqnr!h-')

14
42
31
20
19
10
4.7

Finnish concrete, the overall radon escape rate from
concrete is about a factor of two lower than for
by-product gypsum.

Releases due to use as soil conditioners
The large amounts of phosphogypsum available

have motivated searches to find useful applications,
or at least cheaper disposal methods. As a part of this
effort, phosphogypsum has been mixed with soil to
determine effects of land disposal on crop growth and
uptake of cadmium and radium. In one experiment
by Mays, soil was planted sequentially with corn,
wheat, and soybeans, over a 1-5 year period (Mays
and Mortuedt, 1986). The result suggested that phos-
phogypsum may be applied to agricultural soils at
relatively high disposal rates without increasing levels
of cadmium or radioactivity in corn, wheat, or soy-
bean grain. Lindekem considered a hypothetical case
of heavy long-term applications of phosphogypsum
to soil used for growing food crops (Lindeden, 1980).
This was assumed to be an initial gypsum application
of 25 tons per hectare followed by alternate year
applications of 13 tons per hectare where the radium
concentration of the gypsum is 0.6 Bq/g and the till
depth is 15cm. Radium build-up in the soil would
reach 0.2 Bq/g after about 100 years. An agricultural
worker would receive 150juSv/y by spending 40 h a
week in such a field, while radium uptake by food
crops planted in this hypothetical soil were estimated
to result in a 50-year integrated dose to the bone
surface of 14 mSv, based on the conservative assump-
tion that an adult's total vegetable diet comes from
this source.

SUMMARY

The mining, processing, and use of fertilizers con-
taining phosphate in massive quantities has lead to
the redistribution throughout the environment of
large amounts of uranium, radium and radium decay
products. The resulting potential radiological impacts
are due to direct exposure, surface run-off, inhala-
tion, and ingestion of foods grown with fertilizers.
Gypsum, a by-product of the production of phos-
phate fertilizers, contains much of the radium origi-
nally in the phosphate rock. The resulting waste
gypsum piles are a source of radon emission to the
environment. There may be additional radiological
impact if this waste is used in building materials or
as a soil conditioning agent.
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decreased with increasing distance from the creek. The highest level of total
thorium measured in a sample was 555 pCi/g, with a number of other samples
exceeding 200 pCi/g. Many of the highest levels were detected in areas near

the storm sewer outfall, and hence constitute a potential source of continuing
contamination for locations further downstream. The baseline soil in this area
contains an average of 1.6 pCi/g of naturally occuring thorium.

Direct levels of radiation measured at 1, 5, 10, and 25 meters from the
edge of the creek and 1 meter above ground surface averaged 28, 25, 21, and

14 yR/h (microroentgens per hour) respectively. However, radiation levels
greater than 100 yR/h were detected in several locations. Normal background
radiation levels in this area averaged 8.6 yR/h.

The contamination levels found along the creek exceed the environmental
standards promulgated by EPA under the authority of the Atomic Energy Act of
1954, as amended, for thorium processing wastes. The NRC is charged with
implementation and enforcement of these standards. The contamination levels

also exceed the identical standards established for cleanup of vicinity
properties under Title I of the Uranium Mill Tailings Radiation Control Act of
1978, as amended. The EPA has stated that these standards are appropriate for
cleanup of offsite vicinity properties. Therefore, cleanup of the radioactive
contamination in the environment is required.

Accordingly, NRC intends to require Kerr-McGee to submit an action plan
for cleanup of the contaminated areas. The plan will be subject to review and
approval by the NRC staff. The action plan should establish the methods,
scope, and timing of cleanup activities.

Copies of this report will be sent to property owners along Kress Creek.

Copies of this report are also available at no charge to members of the
public at the West Chicago Public Library.
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cleanup costs, and health benefits. For B3 and BA, which include a
range over which remedial action is optional, the cost estimates were
derived by assuming a value within the range which would typically be
achieved and costing controls to reach this level. For B3, we assumed
that at least 0.015 UL (including background) would be achieved. For
BA, we assumed that at least 0.03 WL would be achieved.

The extent of contamination of buildings as well as the cleanup
costs will not be known in detail until the cleanup program is well
underway. Therefore, we used the Grand Junction remedial action
program as the basis for our estimates. Appendix B contains a summary
of the Grand Junction experience and the cost calculations which
support the estimates in Table 7-1.

The cost estimates for each alternative standard are determined by
the number of buildings requiring remedial work and the cost per
building. As the remedial action criterion is lowered, more buildings
will need to be cleaned up, increasing costs. A lower criterion also
increases the cleanup costs per building since this requires more
complete tailings removal. In many cases, successive actions are
needed when the first remedial action does not meet the cleanup
criterion. Using active measures to meet a cleanup criterion when the
level is only slightly exceeded is much cheaper than tailings removal,
roughly one-tenth as costly.

The benefit of cleaning up contaminated buildings i~s "expresed by
the number of lung cancer deaths avoided. This is estimated by
assuming the risk factors discussed in Chapter A are appropriate, an
initial distribution of decay product levels in contaminated buildings
identical to that for the buildings monitored in Grand Junction, a
50-year average useful life remaining for the stock of contaminated
buildings, and a 3-person household size. Also, benefits of cleanup
are expressed by the maximum residual risks to people living in the
buildings. This risk to an individual is calculated assuming lifetime
exposure to radon decay products at the highest level each alternative
standard allows.

7.2 Alternative Cleanup Standards for Near-site Contaminated Land

We have analyzed four alternative cleanup standards for near-site
(on the site or adjacent to the site) contaminated lands. All have
requirements that limit the amount of radium contamination because the
presence of radium is a reasonable index of the health hazard,
including that due to toxic chemicals as well as other radionuclides.

Alternative LI approaches a high-cost nondegradation alternative;
below this proposed radium limit it is usually not possible, using
conventional survey equipment, to accurately distinguish between
contaminated land and land with high naturally-occuring levels of
radium. Alternatives L2 and L3 approximate optimized cost-benefit
standards, but L2 demands a more rigorous cleanup of the toil
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surface. Standard LA is a least-cost alternative that allows high
radiation levels that are close to Federal Guidance recommendations for
exposure of individuals to all sources of radiation excepting natural
background and medical uses.

The fou* alternative standards are:

Standard LI. (The standard proposed in April 1980). Land should
be cleaned up to levels not exceeding an average 5 pCi/g of
radium-226 in any 5-cm layer within 1 foot of the surface and in
any 15-cm layer below 1 foot of the surface.

Standard L2. Land should be cleaned up to levels not exceeding an
average of 5 pCi/g in the 15-cm surface layer of soil, and an
average of 15 pCi/g over any 15-cm depth for buried contaminated
materials.

Standard L3. Land should be cleaned up to levels not exceeding an
average of 15 pCi/g in any 15-c» depth of soil.

Standard L4. Land should be cleaned up to levels not exceeding an
average of 30 pCi/g in any 15-cm depth of soil.

In Table 7-2 we list the estimates of the costs and benefits of
each alternative standard for near-site contamination around inactive
tailing piles. In each standard, the only remedial method for which we
estimated cost was the removal and disposal of contaminated soil, aince
this is generally less costly than placing earth cover and vegetation
over contaminated areas and excluding access by fencing. The benefits
are expressed by (1) the number of acres of land that are cleaned up
and returned to productive use, and (2) the typical maximum residual
risk to individuals living in houses that might then be built on this
land.

The number of acres requiring cleanup under each option was based
upon the results of the EPA gamma radiation survey of twenty inactive
mill sites (Table 3-4). By assuming a typical depth profile of the
radium contamination, it is possible to relate the gamma radiation
levels measured by the survey to the areas of land contaminated above a
specific concentration level of radium. .If the top 15-cm layer of
earth is uniformly contaminated with 30 pCi/g of radium, the gamma
field at the surface would be 63 percent of the gamma flux from an
infinitely thick layer, or 3A microroentgens/hr (He78). However, if
the 30-pCi/g average in the top 15 cm of earth is due to a thin surface
layer of nearly pure tailings of • few hundred pCi/g, the resulting
gamma radiation at the surface would be about 54 microroentgens/hr.
Since we expect windblown contamination profiles to be somewhere in
between these extremes, we estimate that, on the average, 44
microroentgens/hr above background (385 mrem/y) implies 30 pCi/g radiua
contamination in the top 15 cm of toil (Standard L4). Similar analyse!
for Alternative Standards LI, L2, and L3 result in 3. 7 and
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TABLE-7-2. COSTS AND BENEFITS OF ALTERNATIVE CLEANUP STANDARDS FOR LAND
(in 1961 dollars)

Alterna-
tive
LI

L2

L3

L4

Radium-226
Soil Concentra-
tion Limit
(pCi/g)
5

5 to 15

15

30

Number of
Acres Re-
quiring
Cleanup1"'
2700

1900

900

250

Total Cost
(millions of)
dollars)
21

14

7

2

Estimated
Residual risk
of Lung Cancer * '

2 in 100

2 in 100

6 in 100

10 in 100

(*) Areas of land near inactive tailings piles that have radium contamination
in excess of the soil concentration limit.
(b)The lifetime risk of lung cancer to the individual living in a house
built on land contaminated to the limits allowed by the alternative stan-
dards. This is based on the relative-risk model; use of the absolute-risk
model gives risks which are about a factor of two lower.
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22 microroentgens/hr, respectively (or 26, 61, and 193 mrem/y,
respectively). Additional deeper contamination would yield only
slightly higher gamma values because of shielding by the surface
layer.

Using these correlations between radium contamination levels and
gamma radiation levels, the areas requiring cleanup under each standard
were estimated based on the EPA survey data. The total costs of
cleanup were then calculated assuming a cleanup cost of $7650 (1981
dollars) per acre. This cost was estimated from EPA field experience
(a cleanup program at the Shiprock mill site) and is in agreement with
cost estimates of DOE contractors. Areas of heaviest contamination,
such as the ore storage area and mill buildings, are excluded from this
analysis since we have included them in the analysis of disposal costs
for the piles.

The highest risk to people living in houses built upon contami-
nated land is due to the inhalation of radon decay products from radon
that seeps into the house. In the worst case, Standards LI and L2
would allow thick-surface earth layers with 5 pCi/g contamination,
while Standards L3 and LA would allow thick layers of contaminated soil
at 15 pCi/g and 30 pCi/g, respectively.. On the average, houses built
on such 5 pCi/g earth would be expected to have indoor radon decay
product levels of about 0.02 WL. Houses with poorer-than-average
ventilation would have higher levels, while well-ventilated houses
would have lower levels. Houses built on land more heavily
contaminated than 5 pCi/g would have higher average indoor decay
product levels in proportion to the contamination. The estimated risks
due to lifetime exposure from these levels are listed in Table 7-2.
These are maximum estimates since most contaminated land away from the
immediate mill sites (where houses might be built) has only thin layers
(a few tens of centimeters) of contaminated material.

The gamma radiation levels to individuals permitted under the four
alternative standards are 80 mrem/yr for LI and L2, 240 mrem/yr for L3,
and 470 mrem/yr for L4. This assumes a thick layer of contaminated
material over a large area at the maximum permitted levels of radium
concentrations. These doses would lead to increased risk of many kinds
of cancer, but this increase would be snail compared to the lung cancer
risks due to radon decay products.

7.3 Alternative Cleanup Standards for Offsite Properties

Tailings on offsite properties which are not associated with
building construction are usually there because someone transported
them from a tailings pile. Examples of this kind of misuse are
tailings used as fill around fence post! and sewer lines, as the basis
for sidewalks and driveways, and as conditioners for soil in gardens.
Most tailings misused in this way are still concentrated; they are not
diluted by large quantities of earth or spread thinly over large
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The major hazard stems from the chance that indoor radon levels
will be high in new buildings constructed on contaminated offsite
properties. There could also be a significant gamma radiation hazard
if people spend a lot of time close to the tailings.

We expect that offsite properties where tailings were misused will
typically exceed all the radium concentration limits specified for land
contamination in Alternative Standards LI through L4. Therefore,
virtually all of the 6500 contaminated sites identified in Chapter 3
would require cleanup under any standard. Based on engineering
assessments and similar cleanup work near a mill site in Edgemont,
South Dakota, we estimate it would cost $6,000 to clean up each of
these properties. This implies a total cleanup cost of $39 million.
However, many of these sites are unlikely to cause a significant
present or future hazard, either because of their location or because
the quantity of tailings involved is so small. Cleaning up such sites
implies high cost without significant benefits.

It is consistent and simple to use the same numerical cleanup
criteria for offsite contamination of properties as for near-site land
contamination. Since some offsite contaminated properties present a
minimal hazard and would cost a great deal to clean up to any
reasonable radium concentration criterion, additional criteria are
considered in one of the following alternative standards for
contaminated offsite properties:

Standard PI: Offsite properties should be cleaned up to the same
levels as near-site land,^*' with no exceptions.

Standard P2: Offsite properties should be cleaned up to the same '
levels as near-site land, with the following exceptions: •

a. When contamination levels averaged over 100 m^ are less
than the action levels required for near-site lands. ;

b. When the hazard from the tailings is judged to be in- j
significant because of location. i

Small amounts of tailings will be eliminated from consideration if
levels are averaged over an appropriate area. For Standard P2 we have
selected 100 m^ as a reasonable area for this purpose since this is
the typical area of the foundation of a House. Thus, risk levels
allowed under Standard P2 should be no higher than the risks allowed
under the corresponding near-site land cleanup standard. Additional
sites will be eliminated under Standard P2 because of their location.

d) Alternative Standards LI, L2, L3, or LA; whichever is selected as
a land cleanup standard.
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From Figure 5-1 we can determine how much radon emission would be
-educed by adding one meter of earth. If the only benefit of thicker
overs were to reduce radon emissions, we would find the
cost-effectiveness of each additional meter of earth to be considerably
less than that of the first meter. But thick covers have additional
benefits: they las_t longer than thinner covers and are barriers
against intrusion. Therefore, the net benefits of reducing radon
emissions cannot be isolated.

The disposal cost analysis in Chapter 6 applies only under the
stated assumptions. If local earth near a pile is very sandy, or if
suitable earthen materials are not available nearby, then satisfying
the Proposed Standard and Alternative A, which have the strictest radon
emission control level, could require several additional meters of
cover. Conversely, if earthen materials are more easily available or
of higher quality (i.e., clays) than is assumed, the costs will be
lower. Because of the lack of full-scale disposal experience, however,
there is a greater risk of the cover requirements for the Proposed
Standard and Alternative A being significantly underestimated than for
Alternatives B through E.

NRC (NRC80) has evaluated the potential environmental impacts of
obtaining cover materials in regions where uranium is mined. As a
rule, the environmental impacts will be greatest for the Proposed
Standard and Alternative A, less for Alternative B, and least for
Alternatives C through E. Even under relatively unfavorable
conditions, however, the effects are largely temporary; the
longest-lasting effects are changes of topography at borrow sites for
the cover material. This issue is highly site-specific, however, and
definitive information on the environmental effects of obtaining cover
materials at the 24 inactive sites is not yet available. We expect
such effects will be small overall, but the Proposed Standard and
Alternative A are the most likely to cause significant temporary
environmental disturbances.

Form of the Radon Standard

We have expressed the radon limit in terms of the release rate per
unit area from the tailings. However, a number of alternative criteria
could be used to control radon emissions from the piles:

a) dose rate limits for individuals or populations,
(mrem/y, person-rem/y, person-WLH/y),

b) radon concentration limits in air (pCi/1),
c) total radon release rate limits (pCi/s). and
d) release rate limit per unit area

Because short-term fluctuations are unimportant, we will consider all
of these as annual averages. Radon emissions from tailings to the air
cannot be separated from those from a cover or normal land, however.
Therefore, a standard using any of these criteria must apply to either
the total radon release rate from the surface of a pile or to the radon
release rate from tailings with allowance being made for the radon
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(1) Radium concentration is directly related to the
hazard of most tailings. (Occasionally it is not
sufficient where other specific radioactive or toxic
elements in uranium ore processing residues have been
concentrated.) Quantities (2), (3), and (4) result
directly from the radium in tailings.

(2) Gamma radiation levels can be conveniently measured,
but they are related to only part of the hazard.
Tailings that are covered with a few feet of earth

f could satisfy a gamma radiation standard, yet be
hazardous to build upon because of radon emissions.

(3) Radon emission is usually the principal hazard from
uranium mill tailings. Radon release rates vary
greatly with changes in weather and soil moisture,
however. A standard based on the radon release rate
would require repeated measurements over varied
conditions to determine meaningful averages.

(4) The predicted radon decay product concentration is
related to the hazard, but estimates of the indoor
radon decay product concentrations are very
uncertain. Furthermore, either the radium
concentration or radon -release rate from the land
must first be determined to make such estimates, so
(4) offers no advantage over (1) or (3).

8.3.2 Preferred Cleanup Standard for Land

We prefer Alternatives L2 and P2 as cleanup standards for near and
distant land, respectively. Specifically, land should be cleaned up to
levels not to exceed an average of 5 pCi/g of radium-226 in the first
15 cm surface layer of soil and an average of 15 pCi/g of radium-226 in
any layer of 15 cm depth at deeper levels. Offsite properties should
be cleaned up to these same action levels, with the following '
exceptions: (

a) when contamination levels averaged over 100 m^ are j
less than these action levels; or •

I
b) when the hazard from the tailings is judged to be not i

significant because of their location.

A 5 pCi/g limit over the first 15 cm can be easily implemented
with relatively low cost gamma radiation survey methods. For tailings
below 15 cm, the concentration limit of 15 pCi/g is also easy to
implement. Alternative Ll would require more skill and training of
personnel, and greater use of expensive measuring techniques, but
cleanup would only be marginally more complete. Very thick deposits of
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material with up to 15 pCi/g of radiutn-226 generally would be hazardous
3 build on, but are unlikely to occur. A concentration of 15 pCi/g is
ikely to occur only in thin layers at the edges of more concentrated

deposits that would be cleaned up under a 15 pCi/g criterion. Under
•gost foreseeable circumstances, we believe the residual hazard would
se acceptably low under Alternative L2.

Alternatives L3 and LA do not take full advantage of practicable
cleanup. Several thousand acres next to disposal sites would require
land-use controls. The costs saved are small in relation to total
costs and do not warrant the higher risks that would remain.

We believe it is neither practical nor worthwhile to cleanup
contaminated areas to surface concentrations below 5 pCi/g.
Identifying contaminated surface soils with radium concentrations less
than 5 pCi/g is difficult and expensive. Complex measurement
techniques are required. Increasingly large land areas would need to
be cleaned up. Doing this would provide very little gain in health
protection, because such slightly contaminated soils are usually thin
layers containing small amounts of tailings that pose insignificant
risks.

For offsite properties, the cleanup costs vary little with the
choice -of numerical cleanup standards because tailings typically have
been used with little mixing with., other materials. If a standard based
on Alternative L2 for nearby land is rigidly applied, up to $39 million
may be spent in cleaning up these properties. However, many of these
contaminated offsite properties present little existing or potential
hazard because of the small amount of tailings involved, or because of
their location. In Chapter 7 we considered applying the land cleanup
standard for offsite locations only when appropriate threshold
conditions are exceeded. This was projected to save $24 million
without sacrificing protection of people. We therefore selected this
alternative.

Radiation Hazards not Associated with Radium-226

Radium-226 concentrations in the residual tailings may not
adequately measure the radiation hazard in all cases. The possibility
that this could happen at one or more inactive processing sites cannot
be ruled out, but we do not know of a site where this has happened.
Should such circumstances occur, our supplemental standards (see below)
will require the implementing agencies to reduce residual radioactivity
to levels that are as low as may reasonably be achieved.

8.4 Supplemental Standards

In view of the varied conditions and our limited remedial action
experience with tailings, these standards must be flexible. We believe
our standards are the most protective that can justified for general
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Abstract

In 1983 EPA promulgated standards for cleanup of uranium and
thorium mill tailings at 40 CFR 192. These standards address a
specific example of the cleanup of radium contamination* They
have been used for the cleanup of radium-contaminated soils at
other sites, primarily because they are the only related
standards that exist. However, EPA advised caution at the time
these standards were issued: "It should be noted that these
standards in no way are intended to establish precedents for
other situations or regulations involving similar environmental
objectives, but with different economic and/or technological
circumstances.11 (EPA 83) This paper assesses the suitability of
these standards for use in the cleanup of contaminated soil at
sites other than uranium or thorium mill tailings sites.

The 40 CFR 192 Cleanup Standards

The 40 CFR 192 rules specify two types of standards. The
first addresses the disposal of uroniun and thorium mill
tailings, and are not discussed in this paper. The second
addresses cleanup, and are the subject of this paper* They
_nclude limits for indoor radon concentrations and indoor gamma-
exposure rates for cleanup of buildings, as well as limits on
radium concentrations in soil for cleanup of land. The former,
those for indoor radon and gamma exposure, are health-based
standards; while the latter, radium concentrations in soil, are
technology-based standards, keyed to the sensitivity of radiation
monitoring systems. For uranium tailings, the increased indoor
radon concentrations and indoor gamma exposure rates were caused
by placing tailings around buildings and houses. Radon is a
decay product of radium and, since it is an inert gas, can move
through soil and enter buildings above soil that is contaminated
with radium. It was assumed at the time the 40 CFR 192 standards
were promulgated that the indoor standards would be achieved by
removing such tailings and replacing them with clean soils.

Th« 40 CFR 192 standards for soil specify a concentration
licit of 5 pCi/g radium in the top 15 cm of soil and 15 pCi/g
radium in any 15 cm thickness below the top 15 cm. The limit for



the top layer was based on limiting external exposure rates to
persons who nay spend time on the land. Its purpose is to
indicate when cleanup of thin surface layers of windblown
tailings is necessary to provide adequate public health
protection. Although this criterion provides adequate health
protection for the situations it was developed to address, the
value was selected with the limitations of field measurement
equipment in mind, and the transient nature of windblown
contamination situations.

The 15 pCi/g soil concentration limit is a technology-based
standard. It is a practical measurement criterion for use in
locating discrete quantities of tailings that were deposited or
placed in subsurface locations at mill sites. These tailings
deposits are generally limited in area and volume, with little or
no mixing with adjacent soils, and have activities exceeding 100
pCi/g. convenient measurement techniques for assaying radium
activity in boreholes can not readily achieve a sensitivity
better than 15 pci/g in 15 cm layers. Since this is adequate for
locating the edge of subsurface deposits of uranium mill
tailings, it was selected as an appropriate standard for use at
the tailings sites. Cleaning up deposits of tailings using this
standard will leave at most only very small deposits that would
not produce sufficient radon to cause a significant increase in
indoor levels in a structure built over them.

The Relationship Between Indoor Radar) and Radium in Soil

In this paper it is assumed that the goal of land cleanup
around houses should be to meet the health protection standards
of 40 CFR Part 192. These require limiting the average indoor
radon concentration to 0.02 WL (4 pCi/1) including background,
and restricting the indoor gamma exposure rate to 20 microR per
hour above background at any location in a permanently occupiable
structure. The technical objective, therefore, is to achieve
those conditions in the soil around present (and potential)
occupiable structures that will satisfy these indoor
requirements.

The characteristics of the soil, the pressure differential
between indoor air and the atmosphere, and the air exchange rate
of the building itself are major factors that determine the
buildup of indoor radon. For this paper, a model called RAETRAN
(Ro 89) was used to examine the relationship between radium
concentrations in soil and indoor radon concentrations in a house
constructed over land contaminated with radium. In the RAETRAN
estimates, the soil characteristics were varied, as were the
radium concentrations in soil. The pressure differential and air
exchange rates were held constant at values representing a new
house constructed to meet current energy conservation guidelines.

RAETRAN predicts the movement of radon in soil by both
diffusion and advection. Radon moves through soils along the path
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o Residuals containing 92 pCi/g of Th-232 covering
an area of about 20 square feet to a depth of
4 inches (10 cm) produce an exposure rate of about
20 microR/hour at 3 feet (1 m) above the surface.
The gross reading in this situation would be about
30 microR/hour (e.g., 20 + 10 background).

o The gamma exposure rate for a 4 inch thick plane
source of infinite lateral extent, with a concen-
tration of 15 pCi/g is about 30 microR/hour, or a
gross (including background) measurement of 40
microR/hour.

o The exposure rate from a deposit of thorium resi-
duals with a Th-232 concentration of 60 pCi/g
covering an area of 50 square feet to a depth of
4 inches would be about 30 microR/hour.

Based on these observations and the assessment in Appendix F,
it is concluded that the soil sample results reported by
Kerr-McGee are not specifically incompatible with the report
by Kerr-McGee (Denny, 1986) and that mitigations were per-
formed according to the specified exposure rate cleanup cri-
teria (maximum of 30 microR/hour, gross measurement). The
soil sample results reported by Kerr-McGee (e.g., up to
92 pCi/g of Th-232) are not incompatible with the hypothesis
that mitigations met the criteria of 15 pCi/g of Th-232,
averaged over a 6 inches (15 cm) depth and 1000 square feet

2(100 m ) area (EPA, 1983). However, the sample results indi-
cate residuals were left at some locations, and application
of mitigation to as-low-as-reasonably-achievable (ALARA) may
not have always been performed. Furthermore, it is noted
that the soil sampling results would have been more useful
if they had been collected in accord with the EPA depth and
area criteria.
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of early August about 7,000 cubic yards of contaminated
material remained at the STP.

Residuals from the REF have also been identified at 117
additional sites throughout the West Chicago area. These
sites lie primarily east of the REF. Kerr-McGee had removed
known residuals from nearly all of these sites within the
City of West Chicago by 1985. Surveys of the contaminated
sites outside the City limits have been made, but these con-
taminated sites have not been remediated.

DATA ASSESSMENT AND CONCLUSIONS

There are several routes of potential risks to the environ-
ment and public health; including direct external radiation
exposure; inhalation exposure; and ingestion of contaminated
soils, groundwater, and surface water. The contaminated
media at the subject sites are wastes from the REF mixed
with soils on the subject sites.

The hazardous characteristics of the thorium residuals are
primarily due to the radioactive constituents. The poten-
tial for release of heavy metals to the groundwater appears
to be minimal, based on the RI activities and assessments.
Specifically, validation tests using the EP Toxicity Test
to determine the leachability of hazardous substances indi-
cate a low potential for significant groundwater pollution.

The primary radionuclides present are thorium-232 and urani-
um-238 and their associated decay products. The principal
potential risks to man include external gamma radiation ex-
posure, and radiation exposure from inhalation of airborne
decay products of thoron (Rn-220) and radon (Rn-222). The
REF wastes, which are the original source of the contamina-
tion, contain nominal concentrations of Th-232 up to 4000
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pCi/g with U-238 concentrations of about one-tenth the Th-232
values. The decay products of Th-232 and U-238 in the wastes
are generally in radioactive equilibrium.

HEALTH RISKS

Peak external gamma exposure rates in areas accessible to
the public at STP range up to over 1000 microR/hour. This
area is isolated, but open to limited access. Most areas at
RKP outside of the fenced area, where there is common public
access, are around 30 microR/hour or less. The average con-
centrations of Th-232, U-238, and the associated decay pro-
ducts are about an order of magnitude less than the indi-
cated values for the original source material (REF wastes).
Within the fenced area, which is not guarded, peak exposure
rates exceed 1000 microR/hour.

The public health impacts imposed by the thorium residuals
at RKP, STP, and off-site Properties are principally related
to their potential and actual radiation exposure of people
on and near the sites. The potential health risks resulting
from these impacts are the possibility of human cancers and
genetic anomalies associated with ionizing radiation. The
present impacts upon groundwater appear to be negligible.

The risks for cancer incidence for this assessment are given
as excess fatal cancers. The risk for total cancer incidence
(fatal plus nonfatal) would be somewhat larger. The risks
are excess risks due to the designated situation. Thus, the
risk for an individual is the sum of the normal incidence of
cancer including the risk from exposure to natural background
radiation, the additional risk due to radiation exposures from
the thorium residuals, and the risks to any other special
causes of cancer the person is exposed to. All of these
causes of cancer have statistical variability or uncertainty.

E-7
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Although the Church Rock tailings-dam failure occurred
spontaneously, natural events could also precipitate such a failure:
most notably severe flooding or an earthquake. In Chapter 8, the
probabilities of such events are discussed, along with engineering and
site selection options for minimizing these probabilities. Also
discussed in Chapter 8 are the impacts of events such as tornadoes and
glaciation on the effectivness of contaminant controls.

3.3.2 Misuse of Tailings Sands

In the recent past, uranium mill tailings have been used
extensively as a building material, chiefly as fill around and under
foundations and concrete slabs. The tailings sands have ideal physical
characteristics for this purpose. However, such use typically results
in building occupants being exposed to high levels of radon decay
products and thereby incurring a significant lifetime risk of lung
cancer. In Grand Junction, Colorado, over 700 buildings have been
identified as contaminated and requiring remedial action. In other
mill towns, it is estimated that more than 350 buildings are
contaminated. In addition to buildings, many thousands of other
locations have been identified (e.g., sidewalks, lawns, gardens,
driveways) in mill towns where tailings have been used. These
buildings and locations were contaminated by tailings from inactive
mills. We have not assessed the extent of existing misuse near active
mills.

3.4 Environmental Releases from Heap-Leaching Operations

The principal solid waste from heap leaching is the barren material
remaining after uranium recovery. Airborne emissions from
heap-leaching operations include particulates suspended by wind erosion
of the pile and radon gas. The particulates will contain toxic
elements and radionuclides in proportion to the ore concentrations.
The amount of radon and particulates given off will be proportional to
the size of the operation. These have been calculated for the
heap-leaching cell covering about 0.5 acre in area described in Chapter 2.

Particulate emissions from the dry portion of a heap-leaching cell
are estimated to be about 1 MT annually. The radon emanation rate from
this operation is calculated to be 25 Ci/y (NRC78). This is less than
one-half as much as a tailings pile per unit acre.

Releases of contaminants to groundwater could result from the
seepage of leachate containing elevated concentrations of radionuclides
and toxic elements. This, however, would not normally pose a problem
during operations since an efficient heap-leaching operation requires
an impermeable pad and all leachate is collected for processing. After
termination of operations, normal rainfall could lead to some leaching
from the piles, but we expect this to be no greater threat than
leaching from an unstabilized conventional tailings pile.
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A general expression for the thoron (or radon) source term (Ro81)
is

Q " R pb E A

where

R - radium-224 content (pCi/g)
Pb ™ bulk density (g/m̂ )
E » emanating power
A * decay constant for thoron

Since the same equation holds for radon (A" 2.1xlO~6/sec), the
thoron ( x"1.25x!0-2/8ec) production rate will be in the same ratio
as the decay constants or nearly 6,000 times larger, for the same
radium density, than that for radon. The higher thoron production rate
is, however, offset by its shorter half-life since, once the thoron has
decayed, it no longer migrates freely through the tailings or cover
material. For example, the thoron flux at the surface of a bare
tailings pile containing 280 pCi/g of radium-224 is about 21,600 pCi/
m2s rather than the 280 pCi/m2s of radon for the same radium-226
density. The analytical techniques described in Section 8.3.1 may also
be used to determine the thickness of an earthen cover required to
attenuate the thoron flux. Based on the nominal thoron flux value
given above, some typical thoron reduction thicknesses are shown in
Table G-l.

Table G-l. Estimated Cover Thickness (in meters)
to Reduce Thoron Emissions to 20 pCi/m2

8
Thoron Emission
from Tailings Percent Molsture Content of Cover

(pCi/m s)_________________6_______8_____10______12
10,000 0.0826 0.0637 0.0491 0.0379
20,000 .0918 .0708 .0546 .0421
30,000 .0972 .0750 .0578 .0446
40,000 .1010 .0779 .0601 .0463

The epidemiology and doslmetry of thoron and its decay products
have recently been reviewed by the International Commission on
Radiological Protection (ICRP81). They concluded that, because of the
short half-life of thoron and its first decay product, the radiation
hazard from the short lived progeny of thoron is normally well
represented by the potential alpha energy exposure of lead-212 and
bismuth-212. Based on this conclusion, the effective dose equivalent
for the thoron decay products Is about one-third that of the short-lived
radon decay products.

C-8
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Thoron in the Environment

S. D.Schery
New Mexico Hwttum ot Mmnp and lecmoiOBv
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evaatta1 efr !• SMNpafeSto to thai at

In environmental science the term radon is usually taken to
refer to the specific isotope 3SZRu of the radon isotope family .
Airborne 33ZRo has been receiving a lot of attention at a
pollutant, particularly at the elevated levels that can be
found in *̂ ** indoor air of ftp* fr""*T'*̂ f Another T**TT*Hry of
the radon isotope family, aoRa, commonly called thoron, is
produced in the earth's crust at rates comparable to that of
radon. Its chemical properties are the same as that of ̂ Rzi,
and it also can migrate to the earth 's atmosphere where h is
found in abundance near the ground. Tboron is an alpha
particle emitter as is radon. Why have we not heard more
about h as an important agent in the atmospheric environ*
mem and as a possible pollutant? Should we hear more? To
address these questions, we first review some basic scientific
information about this important radionuclide produced in
the earth's crust.

Diffusion of Thoron to the Atmosphere

In collaboration with Ernest Rutherford, thoron was dis-
covered in 1899 by R. B.Owens at McGill University. At this
early stage in the study of radioactivity (the existence of the
nucleus in the atom had not yet been established) the gas

Implications

Prwen: evident* indicant the equivalent radiation
boat froir. thoron and ilf progeny if aboui 1C u 20
pereem of thai out lo noon and iu proireny jr UK
indoor environment. Asauminr current enuaaws for
the health eftecu of noon art valid. Uut aufpwu
thoron w potentially a aitnifjcam inboor pollutant,
ahaoufh cMariy MB unponaa: tnan radon. Uncer-
tamtM* are still larfe in the dote enunaMf for thoron
progeny, the distribution of thoron amour L\£. hoiu-
inf.. anc the moot of entry- of moron uiio inooor air-
tpaot. More research u- neeaec to improve our evaiuc-
uon of thoron a* an indoor pollutant anc u> establish
corrective measures mould thoron be a tifmificant poi-
luuun

was described as thorium emanation since about all thai was
clear wa» thai it was radioactive gat emitted from thorium-
baaruur nunerak. in tact, thoron doss not come directly from
thorium but from the radium isotope '"Ra, a decay product
in the tnorium (ZBTbi series. Tboron s half-life is 66 s, and
upon oecay h amiu a single alpha particle of energy £.2
MeV. in compahaon, 2aRn has a half-life of 3J X Ifr e (3.6
days* and emits a £.6 MeV energy alpha particle. There are
additional radioactive isotopes after thoron in the thorium
decay series which terminates in the stable isotope ""Pb (see
Figure 1).

The origin of the thoron in the atmosphere is almost en-
tirely from diffusion from the top few centimeters of soil
where tfaoronis produced as a decay product from the trace
amounts of n!Th pervasive in almost all sous and rocks. The
combination of smal] thorium content of sea water, and
short migration distance of thoron in water, make the contri-
bution from the oceans negligible. It has sometimes been
proposed that direct release from plants, for example by
transpiration, is an important mechanism for release of tbo-
ran to the atmosphere.1 Dr. Stewan Whittleatone of the
Australian Nuclear Science and Technology Organisation
and 1 recently tasted this ef-ymptiMi m an extensive survey
of flux from Australian soils1 (see Figure 2}. We found no
evidence of a significant effect. In fact, increased vegetation
tended to correlate with slightly reduced release of thoron to
the atmosphere, perhaps due to a modest blockinf effect of
the surface layer of moist, organic materials of low- radioac-
tivity content.

Although deeper layers of soil also produce thoron, the
thoron is unable to diffuse u> the surface before experiencing
decay to non-volatile decay products which readily attach to
soil particles. Not all thoron that is produced in the top few
centimeters of soil escape* to the atmosphere. In order to
diffuse to the atmosphere, thoron must first be released to
the pore space of the soil It is only when the parent, a*Ra. is
close i">purh to *̂ »* surface of a grain that tboron atoms can
recoil into the air of the pore space where they are free to
diffuse: thoron atoms whose recoil paths terminate in a grain
almost always wflj be trapped in place and unable to migrate
before decay. The fraction of atoms reaching the pore space
is called the emanating fraction, and surprisingly, it is typi-
cally about a third.* This is much more than would be ex-
pected if the parem radium were uniformly distributed
throughout the ulterior of spherical grains since a typical
recoil range for thoron atoms in minerals i» of the order of 30
namometers.-' Much of the trace amounts of thorium in soil
and rock originates from precipitation from matrix water,
thus there is typically a preferential deposit of thorium min-
erals on the surface of sou grams. Surface irregularities of
nonspherical grains and moisture interaction with grain sur-
faces provide further factors enhancing release of thoron to
the pore space.

In terms of the production rate of radon and thoron. the
average trace concentration* of :*sRe and s'4Re in tne soil
are comparable (producing on the order of 25 atom? per
second per kilogram i. The mechanisms for radon release to
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i am aimQar to those for thoron, so given ra-the pore i
den's longer hatf-llfe, redoc » able to diffuse from gn
deptbec£aoQawlprodDotalaJieratoB}kflia.Tteneuh,iB

then that for thoron.
of the fwimiiarj1 units of
less, •boot OJJ21 Bq nT* «"•

i numbers can
the

the radon flux density is
about 1.7 Bq m'2 s"1, but

__^_ _»
•t/»m« thati« wir

i ne oinusive mix of both radon and thoron fromsoE to
the atmosphere can be quantified for homogeneous thick
soilwitfc*

(1)

08

s);

where: J. is the atomic flux densitr,
D, is the effectrve diffusion coefficient;

X it the radon or thoron decay constant;
ttAei Iff IDJS ACtlVa'tV OQOOBD tJVtlOA POT UDXt

the parent radium (Becquerel per unh ma
f is the soU bulk density, and
/ it *h* •̂ '•"•t'Ttf fraction (dinenaionlsss).

Variation of the density and diffusion coefficient
(dry) soil types is generally modest. Furthermore, the flux
density depends only on the square root of the diffusion
coefficient. Hence, H is plausible that variation in the ema-
nating fraction and redium concentration is particulariy:
portent for causing variation m flux density from one site to
the next, and there it some evidence that this is indeed true
for both radon and thoron.2 This issue can be of importance
in ftit'"ipeT"*r what sofl locations might be iU""f sources of
thoron flux to the atmosphere. Thus, identificatioc of soQ

: high concentration of arTh, such as by anal-
ysis of airborne radiomethc data, may not be sufficient to
establish high release of thoron. Geological characterization
of soil should be useful for predicting thoron release but so
far there has been little systematic study of this approach.

OM exception is that
high sense of thuruu.

The iact that the average
•tuch last than for redon «•

flux densKy for thoron •
•a to provide the answer

is given in the
to thoron: iu release to the aaao-

t is much smaller. However, the situation is subtle and
it misleading. For *fr* tni^w environment of

buusei, etMii pollutiop from radon may be a concent mecb-
aniaias different from the pure diffusion can be important
for entry of radon. Even in the outdoor environment, at
ground level tboron it proportionally more important than
would be expected from flux conaiderationt alone. With iu
longer half-life, radon it mixed in e much deeper layer of the
etmosphere resulting in **y^*ffî »y*^ dilution

nf MIF At th^ HvAAthinc lflV£l A

*tu]t.«f radon. For example, in the cootmental United States,
average activity coneentrations for thoron might be of the
order of 15 Bq m~5 versus 6 Bq m~3 for radon (1 Bq m~s -
0.027 pCi/lher), aithough ataosphehc conditions can <
wide variation among then numbers.4

nt of thoron gas k difftcuh and the
nts is quite limited, particular-

Direct
DU9taO0T Ol I
ry in comparison with the data available for indoor radon.
About the best that can be said at this time is that average
inflmymj^tkf* on the ground floor in temperate climates of
the United States and Europe are likely to faUmthe range of
R ** «nKg "-* »TW^i*Wi.lly Ht^.h^i.1.••».!< ttMttW

houses is by release from the internal surfaces of i

through large openings such as windows.* It is now well
established that elevated levels of radon m houses are pri-
marily due to flow transport from soQ through cracks and
joints in places such at the basement.' driven by pressure
gradients caused by conveetive currents from beating inside
a bouse and the hifhiennr of outdoor wind. Even in light of
experience with radon, pressure driven flow transport was
net considered plausible for tboron since iu half-life was feh
to be too short to permit time for entry from soil

For s room with well-mixed air it is easy to quantify the
expected steady-state indoor thoron concentration CTR us-

(2)

where u it the ventilation rate, CT.X is the outdoor thoron
concentration. E b the rate at which thoron is supplied to
the room, and V is the volume of the room.6' If the mecha-
nism supplying thoron is diffusive flux from inside surface*,
then:

E-JA (3)
where J is the diffusive activity flux density (J « XJa) from
the inside surfaces with ares A. Surprisingly, calculations
with Equations 3 and 2 had not been carried out extensively
enough to verify theplausibility of the general importance of
diffusive flux from inside surfaces. One difficulty is the lim-
ited availability of data for J. s quantity which can vary
greatly depending on the building material. The thoron flux
can also be reduced by any coverings present such as paint,
sealant, or tapestries, since, due to thoron't short half-life,
even a *bi" layer of material can be important.

In the mid-198C* work by our research group at New
Mexico Tech indicated that flow transport from soil might
also be an important mechanism for entry of tboron.4* This
conclusion about the possible importance of soil resulted
from careful analysis of data on indoor thoron anci radon
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that we had obtained acraat the United State* over the
previous five yean. The evidence was indirect, but highly
•uaresuve. Homes with higheuafloaconcentrauoot landed
to have higher concentrations of tnoron anc m progeny If
thoron were coming from a different source. wnai waa the

ion for this correlation gran it had bean bliahed
that transpon from soil was usually the moat important
factor y*11*'*^ high indoor radon? Secondly, concantratione
of thoroo and its progeny tended to be lower in upper awhea
of buiMJT that were more iaoiated from the soil Thirdly,
for a houae of typical regional conitniction on the campua of
New Mexico Tech subject to intense nudy, we were able to
•how that the primary mode of entry of thoron was through
cracks in the foundation.'0 Finally, theoretical analysis of
flow through representative small cracks and joints in foun-
dations indicated that flow time* were often soon enough to
enable thoron to pass without significant decay.

« ewran worn MS m *•• Sou*

The at to which flow transpon of thoron from
soil is important over the range of housing and buildings is
not yet established Calculations "fî y Equation 3 indicate
that diffusion from building materials is a feasible mecha-
nism to explain observed indoor levels for certain materials
such as unpaintad concrete. However, the bask proposition
of the likely importance of flow transport from soil through a
building's foundation is much leas controversial today than
it was just a few years ago. Should direct entry from soil turn
out to be the major source of indoor thoron there are a
number of practical implications. Much of what has bean
learned from experience with radon would apply to thoron.
For one thing, if mitigation is necessary, efforts should be
directed at entry from soil not treatment of indoor surfaces.
Identification of locales with higher indoor thoron would
focus more on soil properties and entry paths rather than
materials used in construction. There would probably be a
greater tendency for locales with high indoor radon to corre-
late with locales of high indoor thoron since some important
factors such as permeability of soil and pressure gradients in
houses would be common for both.

Further discussion of tboron as a possible indoor pouuta.
requires a brief digression into the pnyaieal properua* •
airborne radon isotopes and their progeny. An imports
hazard sseonsTsd with airborne radon •otopes comas D>
from the inert gases Themselves but from their radioactn
decay products. Even though non-volatile metals, a lari
fraction of these isotope* remain suspended in the air (ofte
attached to aerosol) where upon inhalation some of them ar
deposited in the lung. The primary health hazard is lun
cancer due to the densely intimag alpha panicle radiation
of these decay products that deposit on the bronchial epitfae
lium of the lung. From the dosimatry standpoint, the unpor
tarn factor in the air

«' •'"*"'
•MWTaiOi.; i'n-,»»i»4J

JX>1
PAECdecay products. This quantity is given the i

and has dimensions of energy per unit volume of air.'
historical reasons associated with the mining industry, in the
United States the unwieldy unit of Working Level (WL) is
used for PAEC. although the proper international unit is
Joule* per cubic meter (1WL » £08 X 1(TS J •-*).

thoron concentration of 26 Bo. m~a (7.5 pCi liter"*) would
corrgpond-ip ont WL Hp^ftt. *T t̂ ** important tho-
ron and radon progeny, the thoron progeny Jj^Pb has the
longest half-life (&£ X 10* s - 1O6 h) and there » a greater
opportunity for it to be Ion from an air mas* by deposition
on nearby surfaces. Hence, diiaouilibriunibetween thoron

its progeny. The extant of disequilibrium can be
equilibrium factor, approximataiy

0.91 C* +0.09 Cw

where Cm. C«, and Cm are the acti itrati

(4)

for
^Bi, and a°Rn. A value of 1(0) corresponds with

complete equilibrium (disequilibrium). Progeny can further
be classified as belonging to one of two broad categories:
unattached to aerosol (free atoms and dusters) and attached
to aerosol (particles larger than about 10 nm). Given the

as controlling the disequilibrium of progeny and their physi-
f~*f*"j î form are the same as with radon progeny, so it is
possible to make estimates with models*-' baaed on physical
parameters obtained primarily from radon measurements.
There has been some verification with thoron and progeny
meesurements.10 so these models should at least be valid for
indicating general trends. Figure 3 •hows a representative
calculation of disequilibrium for a I***ITT*TTT rate of input of
thoron ""^ a ventilation rate of 0.75 b~'. CfimfiUBd_wjth

a high degree of diaeoui''h"ujp among isotopes ia
equuionum lactor in the range 0.002 to 0.06 versus

about 0.02 to 0.5 for radon), and. due to its vary short half-
life, the presence of "*Po primarily in an
Features similar to those observed with radon progeny are
that the other thoron progeny are primarily in the attached
state and that the equilibrium factor inn eases significantly
with increased aerosol concentration. Model calculations
•!•«« indicate that hipK»r ventilation will reduce PAEC for
both radon progeny and thoron progeny, buLtfaat due to its
**""* lir lf-ltf« thoron itself will typically not varv wrtfajanti.
lation '
45 h~'). Due to its snort nail-life thoron may not be dJatrib-
utad uniformly throughout a room, although the longer lived
progeny should normally be about as well-mixed as are ra-
don and its progeny.

For thoron progeny, I12Pb is the moat important isotope
controlling the PAEC. This isotope is relatively easy to mea-
sure, for example by conventional filter techniques, so there
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data available far PAEC doe to
thoron progeny than for tboron itself. Although the ssatattt-
eal base is atfll amall it now aeesas dear that from the

tribmor to the indoor environment f or housing in the Unhed

available comparing the PAEC due to tboron progeny to
that due to radon progeny. An average value for the ratio of
PAEC doe to thoron to that due to radon might be about 60
perrmt Furthermore, this ratio remains significant over a
fairiy wide range of conditions. Modeling suggests that one
reason this ratio doss not fluctuate more widely is that some
of the important removal processes causing variation in
PAEC (such as ventilation and deposition on walk) com-
monly affect both radon and thoron progeny.

If the ratio of PAEC due to tboron to that due to radon is
as high and pervasive as suggested by Table 1. should there
not typically be a health effect due to thoron significant in
relation to that identified for radon (whether amall or
large)? One response relates to the fact that public health
concerns with radon have ao far tended to focus on houses
with elevated, not average, levels of radon. Although auch
nouses will typically ako have increased levels of thoron. the
amount of increase for thoron is usually not as great as that
for radon. In this class of bousing the PAEC ratio will thus be
typically lass than 50 percent. For •""•pi* in one recent
ewdyu data for PAEC due to thoron (PAECTn) and PAEC
due to radon (PABCRn) ware fit weD by a \
relation which, m rounded numbers, is given by:

PABCTn « (PABCRn)". (5)
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Equation 6 clearly shows a reduced, non-linear increase in
PAEC due to thoron with PAEC due to radon. A second, and
more important, response involves details of the dosimetry
of radon and tboron. AitKn^ »"Ph hii»|f fr pnt •« m\nk*
n-«tirU ^nirr«r h i. m* imnoTMm isotope in air controlling
del the «>T>rm iM
niftcentiy longer then the longest important decay product
of radon, *"Pb, with a half-life of IX X 10s s (27 mm).
RadioJsotopes deposited in the bronchia) tree have a proba-
bility of removal by mucociiiarv clearance before they "***
damage cells by decay, and due to ha longer half-lif e. a larger
fraction of *"Pb gets lenio ved. In addition, "*Pb has a long-

aerosols and form larger particles. Larger partades are leas
effectively deposited on the critical bronchial epithelium of
the respiratory tract and for this rsason ako **Pb debvers
lass dose for a givanP ABC of the original air compared with
«MPb.

The detaik of these dosimetry models are complicated
and undergoing change, but at present the beat estimates are
»t»wt tmA*r typical atmospheric conditions, EAEC due to

i is ontv one-third to one-fifth as effective as an eouiv-
, ***" in "«"•»""«

That, in terms of overall health haiard, a oo percent ratio for
PAEC is reduced to an effective heehh effect of about 10 to
20 percent for thoron relative to radon. Here we have probs-
bly the major reason at present that tboron is not considered
as important an indoor pollutant as is radon.

If attention is focused on dose to the

i at the high end of the exposure distribution, effects of
are more •Tf**'''*™ using t̂ wi"*̂ *"**** dosimetric

anarvak. For ezampk, in the United States it has been esti-
mated that there are up to 20.000 deaths per veer from lung
cancer due to radon.7JC Applying the
Bumptions and analysis to thoron, one could scale the dose
equivalenee due to radon with the dose equivalence due to
thoron to project that there ere up to 4000 deaths per year
due to indoor thoron. This is not an insignificant risk being
comparable to other safety hazards of concern for the popu-
lation ••"'*' as aTT'fl*"*"^ {}ffftK« due to poisoning or firearms
and much greater than projections of the effects due to
radioactivity from sources such as wfafiontjestinf fallout
and emissions from power reactors. . .

retlnitlE GUmpUCBLHl By not luliy resolved societal issues of
whether small risk spread over s large population warrant*
as much concern as higher risk to a smaller, more identiC-
Bbla.

There is much we do not knon- about thoron in the enviro-
ment. and new developmenu could chanfre the present situ-

f
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ation, either toward more or ieea concern. It i* worth point-
tag out that tftere exist* little direct evidence for overall
aaverae effect* of low ezpoaure to either radon or thoron loo
the order of law than 0.02 WL). For thoron profeay. there
ezm no epidemioiogical data at all even for higher concen-
trations. The apparent developing consensus in the United
State* of the desirability of reducing further even low radon
exposure ia not without critic*. The preaeni guideline* for
m«Tmniiti acceptable radon level* depend on anaiyai* of
alpha particle radiation doee to the respiratory tract, and
lintar extrapolation of epidemioiogical evidence of increased
lung cancer incidence at higher concentration* of PAEC due
to radon progeny to these lower level*. Human* have evolved
on an earth that ha* aiway* had radon and thoron product*
in the air. Although in the minority, there are «mntifft» who
have studied this iaaue carefully who feel a threshold exist*
below which exposure to ionizing radiation pose* no signifi-
cant risk.17 In fact, some scientist* advance argument* why
exposure to "*««*ii amount* of •"•••••^ ™d*ft"rr actually

DT.p.sfii**nl effect. ^3ie jjdment* for *h* soongiy
radon and thoron prod-

I" U1 IJP "nl "em •* ammg a* theanrumenU Tor morTwUkly
a* Such hormetic effects have been found to be true of

a number of f"T"«"''T l̂ agent* from sunlight
trace metals m our diet.

Meanwhile, there are more straightforward question*
about thoron that hopefully will be soon answered. One is
whether, and to what extent, soil is the source for indoor
thoron. This question ia important should it become neces-
sary to reduce thoron in houaas by remedial meewiree. Does
one reduce infiltration from the soft, as most often done at
pressnt for radon, or does one need to carry out other mea-
sures such as applying sealants to indoor surfaces of building
materials? If h tuns out that soil is indeed the major source
of thoron. present mitigation programs reducing radon may
am^fMtM îjy *Hmin»t« many potential problema due to
thoron. A second important question is whether or not there
exist regions or types of housing which p pease* unusually
high levels of thoron. It was the discovery of such regions
that gave much of the impetus to the pressnt concerns with
radon. Data on indoor thoron are at present too sketchy to
answer this question but there are a number of studies un-
derway that should provide information in the near future.
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218 / USAGE FACTORS TOR PREDICTING EXPOSURE TO MAN

(1975) provide* original data, as well as a summary of several other
studies, on shielding provided by structures such as homes, office and
industrial buildings and vehicles.

Shielding factors .vary for a structure depending on whether the
source of radiation exposure is ground deposited or is a cloud The
reported reduction factors (ratio of the exposure rate In the structure
to the exposure rate in open air) for radionuclides deposited on the
ground range from an average of about 0.27 for single story wooden
houses to 0.06 for reinforced concrete and brick homes. BasemenU
provide more protection than other areas of the house and average
reduction factors range from 0.003 to 0.08. Large office buildings
provide more shielding, and, therefore, lower reduction factors than
homes (other than basements). For example, average reduction factors
in one- and two-story, office buildings range from 0.01 to 0.12.

Vehicles provide reduction factors in the range observed for one-
story houses, The range for cars, pickups, buses, trucks and trains is
0.15 to 0.6. The range for trucks and trains is encompassed within the
observed range for automobiles, pickups and buses.

In the case of cloud sources, only average reduction factor* are
' available for buildings and vehicles. These values are probably repre-
sentative of the upper range for a particular structure. If it is assumed
that a range similar to that observed for ground deposits applies, then
reduction factors might be as follows; wood frame homes, 0.6 to 0,9;
masonry houses and masonry houses with basements, 0.3 to 0.6 and
0.2 to 0.4 respectively; and large office buildings, 0.05 to 0.2.

The distribution between these ranges for both ground deposited
and cloud sources could be considered to be uniform because there is
likely to be a continuous range of values due to difference in materials
and architecture.

A precise analysis of reduction factors for individuals in a specific
area would require information on the percentage of the different type
dwellings in the area. Data on the numbers of one- and two-story
single family dwellings in different regions of the United States are
given for 1970 by Moeller and Underbill (1976).

For individuals, it is also necessary to determine how much time is
spent at home (in one- or two-story wood or masonry dwellings) and
how much time is spent in large office or industrial buildings; a general
range of 6 to 10 hours per day or 30 to 50 hours per week can be
assumed. Seventy to 95% of a person's time spent indoors is the
equivalent of 118 to 160 hours per week, of which 30 to 60 hours would
be in office or industrial buildings.

These time distributions and ranges can be used in conjunction with
the range of reduction factors of Burson and Profio (1975) to estimate
the range of effective reduction factors expected for individuals.
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Fig. 5.7. Terrestrial absorbed dose rate in air measured by aerial surveys over
nuclear power plant sites. Rates in mrad/y may be convened to mGy/y by dividing by
100.

outdoors and 230 ± 140
for this report.

(23 ± 14 mrem/y) indoors are adopted

5.4 Indoor Exposures

Exposure to terrestrial gamma radiation indoors is modified by the
materials of construction and by the position of the individual within
the structure. Wood plastic, metal and glass have relatively little
activity, while brick, concrete and other masonry tend to be similar to
soil in the surrounding area.

Walls provide some shielding from outdoor radiation. Cameras and
Rickards (1973) measured a factor of 2 reduction with a 12.5 cm wood
frame wall and a factor of 4 with a brick wall. A 20 cm concrete wall
gave a reduction factor of 20. They also indicated that windows and
doors provided little shielding. Roof shielding against sky-shine is
probably not important, since the unshielded component from this
source is only a few percent of the total terrestrial radiation. Wooden
houses can also reduce exposure by separation from the source. Ex-
posures on upper floors of wooden frame houses are usually lower than
the ground floor.

On the other hand, a person indoors is completely surrounded by
sources (4-pi steradians geometrically) which should increase expo-
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Fig. 5.9. Distribution of terrestrial gamma-ray exposures in Canada from airborne
measurements. Note that the exposures shown should be increased by lOTc. Rates in
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the much greater number of outdoor measurements in assessing pop-
ulation exposure. This factor has no scientific basis but cannot be
completely replaced until adequate indoor data become available.

UNSCEAR, in its reports through 1982, has used a value of 1.2 for
the indoor/outdoor ratio based almost entirely on measurements in
European masonry houses. Oakley (1972) developed a "housing factor"
of 0.8 which was considered to be more representative of the frame
houses assumed to dominate housing in the United States. This factor
was used in the 1975 NCRP report on natural background radiation.

The measurements of indoor vs. outdoor exposures from NCRP
(1975a) are listed in Table 5.5. These are generally confirmed by the
more recent measurements of Miller (1986) who collected data for 80
houses in New York State and the New York City metropolitan area.
He found that outdoor absorbed dose rates in air averaged 350 nG\/\
(35 mrad/y), while the rates were 240 nGy/y (24 mrad/y) inside 60
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frame houses and 400 nGy/\ (40 mrad/y) inside 20 masonry houses.
Grasty et al. (1984) have a useful discussion of indoor exposure
considerations.

There are marked differences between wood-frame anc masonry
houses which modify actual population exposure. The Statistical Ab-
stract of the United States (USBC, 1986) indicates that the 92 million
year-round dwellings in the U. S. (1983) are about two-thirds single
family and 15 percent apartments with 5 or more units. The latter
should be largely masonry, while the smaller buildings are apparently
about 50 percent masonry or masonry-faced and 50 percent wood
frame with no masonry in the walls (USBC. 1971). About 50 percent
of single-family houses have masonry basements, and any time spent
in the basement is equivalent to time in a full masonry structure.

Moschandreas (1981) has estimated that about 20 percent of the
day is spent outdoors. In addition, the amount of time spent at home
is modified by occupation. The Statistical Abstract (USBC, 1986)
shows the approximate division of population over 16 as 60 percent
employed, 6 percent full-time students, 15 percent full-time house-
keepers, and 19 percent other, including unemployed. The one-quarter
of the population below 16 include the 7 percent of the total population
of pre-school age while most of the rest under 16 should be additional
full-time students. Thus, probably two-thirds of the population spend
six or more daytime hours at work or school in masonry structures.

In view of these modifying factors, it would seem that attempting
to correct for type of dwelling would not make a significant change in
the population exposure, although it could for an individual. Thus, in
this report, the average indoor exposure will be assumed as equal to
that measured outdoors for the U.S. The Canadian estimate was
presented in Section 5.3. It is hoped that actual survey data for indoor
exposures will become available in the future.

5.5 Variations in Terrestrial Radiation

There are locations where the levels of external radiation from
natural sources are markedly elevated above the average. A few of
these will be considered in Section 8 but it must be realized that there
are many more that have not yet been identified. This section will
consider only the sources of variation in average exposures.

In general, the variability is not large. For instance, combining the
available outdoor data for Italy, Japan, West Germany and the United
States, as given in UNSCEAR (1982), gave a single normal distribu-
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Abstract—A systematic approach to finding materials that cause elevated y radiation
exposure rates or 222Rn progeny working levels in buildings was tested in the Atlanta area.
With the proposed procedure, exposure rates in planned structures would be derived
from a radiation survey of the material performed with a Nal(Tl) detector. Working level
values under specified conditions would be inferred from an additional measurement of
22'Ra concentration in the material. To quantify the procedure, surveyed building materi-
als were analyzed for radionuclide content and categorized according to an exposure rate
index related both to the survey meter count rate and the radionuclide concentration. An
available calculational model was used to predict from the index the exposure rate in a
room totally enclosed by radioactive material. An additional model was developed for
application to structures where the radioactive material is only in the floor or walls.
222Radon concentrations in an enclosed space were also predicted according to an
available model. Exposure rates were measured in newly constructed buildings to test the
approach. Measurements in older buildings found elevated y-ray emission from concrete
blocks made with phosphate slag from a phosphorus producer in Alabama. Buildings with
walls of these blocks were used to test the prediction of 222Rn concentrations in building
air due to 226Ra in construction material. The calculational models predicted that the 226Ra
concentration of approx. 20 pCi/g in these blocks would result in increases of the average
exposure rates by 10 /iR/hr and of 222Rn concentrations by 0.2 pCi/1. under specified
conditions. Observed levels were consistent with these predictions, but the major fraction
of "2Rn in room air was attributed to inflow from the ground beneath the building.

INTRODUCTION
BUILDINGS that contain unusually high 226Ra
levels in walls or floors have been found in
several locations in the U.S. There is concern
that some of the buildings will cause exces-
sive radiation doses to the total body due to y
rays emitted by the :'4Pb and 2MBi progeny of
226Ra, and to the lungs due to a particles
emitted by 218Po and 2MPo progeny formed
through the decay of gaseous 222Rn in air. The
232Th decay chain and ^K also contribute to
total body radiation dose, and :20Rn progeny,
to the lung dose. The U.S. Environmental
Protection Agency has proposed regulations
under the Resource Conservation and Reco-
very Act of 1976 that prohibit building
products manufactured from certain wastes if

these will raise levels by 5 /iR/hr or 0.03 WL
above the usual radiation background. Al-
though the proposals have not been im-
plemented and guidelines with different cri-
teria are being followed in various circum-
stances, one can anticipate that extensive
surveys will be undertaken to identify build-
ing materials that may cause unacceptably
high radiation doses. A systematic approach
to such surveys is described here.

Radiation detection devices in current use
detect elevation in y-ray exposure rates by as
little as 1 or 2 /iR/hr relative to the natural
terrestrial plus cosmic radiation background,
which in the U.S. is generally between 5 and
25 /iR/hr. For spot (i.e. brief) measurements
during extensive surveys of homes, pres-
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surized ionization chambers (Ni80) and plas-
tic scintillators (Ko78a) have been success-
fully utilized, while thermoluminescent
dosimeters have served for long-term
measurements (Ni80;Mj80). In determining
the increment due to building material, con-
sideration needs to be given to (1) procedures
for predicting the radiation exposure poten-
tial of building materials before the building
is constructed; (2) defining the natural back-
ground within 1 or 2 fiR/hr when it ranges
over 5 or even 10 fiR/hr at some survey areas
(NCRP75); and accounting for fluctuations in
the background within buildings by 1 or
2^R/hr (Li73;Ni80). Two calculational ap-
proaches (Kr71; Ko78) have been proposed
to deal with the first item; the second and
third items would have to be resolved by
more detailed measurements when the
exposure rate elevation is near a regulatory
limit or action level.

Determining the WL value due to building
material is a much more difficult task. Unlike
y radiation in structures, 222Rn progeny in air
fluctuate widely in concentration and are not
easily traceable to their source with a survey
instrument. Although WL values can be
measured below 0.03 WL by approx. 2 orders
of magnitude with various available detection
devices, an elevated value is not necessarily
due to man-made conditions and a low value
does not eliminate the potential for elevated
values at other times. At the present state of
knowledge, if elevated WL values due to
building material are sought or are believed to
occur, a study must be performed to dis-
tinguish among the various sources and fac-
tors that lead to high values.

Elevated 222Rn concentrations in building
air are currently believed to come mainly
from the ground or fill beneath the building.
Concentrations in building air fluctuate with
changes in the infiltration (or ventilating) rate
due to such common activities as opening
doors and windows, and with changes in
atmospheric and soil conditions that affect
the radon flux into the building in ways not
yet well defined. Fluctuations in the 222Rn
concentration in outside air and utilization of
water from groundwater supplies high in
2"Rn add to the variability in building air

(OECD79). The ratio of WL value to ::2Rn
concentration is affected by the degree to
which the :::Rn progeny are removed from
building air by filtration and surface deposi-
tion. At equilibrium, a value of 0.03 WL is
associated with a :::Rn concentration of
3pCi/l.; typical values indoors correspond to
approx. 40% of equilibrium (UN77). At that
level, a 2::Rn concentration of 7.5 pCi/1.
results in 0.03 WL.

Surveys in the U.S. show averages in
homes between 0.003 and 0.007 WL, with
distributions that are generally log-normal
and include values well above 0.01 WL (A174;
Pe77; Gu79; Ge80). Very high 222Rn concen-
trations—more than 10pCi/l. in some cases—
have been found in some homes (Ru79;
Go81).

In the U.S., concrete made with slag from
the production of phosphorus that contains
elevated levels of 22bRa has been found in
Idaho (Bo77; Pe78; US80) and Montana
(Li78; US80) buildings. The buildings were
identified by their elevated -y radiation
exposure rates. 222Radon and WL values were
in the normal range but included some values
above 0.03 WL (Pe78;L178). No distinction
was made concerning the source of 222Rn for
building air above 0.03 WL. In Europe,
similarly elevated levels were found by y
radiation exposure rate measurements for
plasterboard made with phosphogypsum and
aerated concrete with alum shale (OECD79).
Swedish houses with alum-shale-based
aerated concrete have been found with 222Rn
and WL values as high as 11 pCi/1. and
0.04 WL, respectively (Sw80). Other homes,
however, have similarly high values despite
building materials of lesser 226Ra content due
to low ventilation rates (0.01-0.3 per hr,
compared to average values of 0.6 to 0.7 per
hr in Sweden).

The following approach to identifying
materials leading to elevated radiation
exposure rates and WL values was followed
in this study:

(1) Find materials that in bulk show higher
than normal y-ray exposure rates with survey
meters.

(2) Analyze these materials for radionu-
clide content.

" ~^Btttl£Jihr-
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(3) Compute a radiation exposure rate in-
dex from the radionuclide concentrations and
compute the 222Rn flux density from the 226Ra
concentration.

(4) Compute the y-ray exposure rate and
222Rn concentration as a function of building
dimensions from the index and flux density,
respectively.

(5) Compare these with exposure rates and
:22Rn concentrations from material with
average radionuclide (including 226Ra) con-
centrations.

In existing buildings with elevated radiation
exposure rates or WL values, the material (if
any) that emits more y-rays is identified by
spot survey and the 222Rn flux density from
the material is measured (Co76). To deter-
mine whether elevated exposure rates in-
dicate potentially high 222Rn concentrations in
building air, the concentration of 226Ra rela-
tive to 228Ra and ^K is obtained by analyzing
a sample of the material or by on-site spectral
analysis with a portable y-ray spectrometer.

Construction materials that were potential
sources of elevated radiation exposures—
mostly brick and concrete—were surveyed in
the field and sampled for radionuclide analy-
sis. Calculational models were then applied to
predicting y-ray exposure rates and 222Rn
concentrations in buildings. A model was
developed for a situation to which the avail-
able models did not apply. Newly constructed
homes in several subdivisions were surveyed
to compare measured with predicted
exposure rates. Older structures were sur-
veyed to search for material with elevated
radionuclide levels, and this material was
traced to its source. Finally, 222Rn concen-
trations in air at selected buildings construc-
ted with the high-226Ra material were
measured to compare with predicted values.

PROCEDURE
Building materials in the yards of major

suppliers in the Atlanta area were surveyed
to determine the external radiation exposure
potential of the materials (Ka79;Ei80). The
materials were surveyed in large piles, usu-
ally 1-2 m from side to side, with a Nal(Tl)
detector and rate meter. The detector was
cylindrical, 5 cm in diameter x 5 cm long. The

low-energy discriminator was set to detect
only y-rays above 0.09 MeV. The detector
was calibrated relative to a pressurized ion-
ization chamber (PIC) for mixed terrestrial
radiation. For measurements, the detector
was placed directly on the pile of materials.
The natural radiation background and the
influence of adjoining materials were deter-
mined by moving the detector in various
directions from the pile.

Samples of many of the materials were
analyzed in the laboratory for :26Ra, 228Ra and
^K with a Ge(Li) detector and spectrometer.
Radium-226 was determined by measuring
the 352-' and 609-keV y-rays of 214Pb and
214Bi, respectively. For confirmation, its 186-
keV y-ray was measured and it was assumed
that 58% of the y-ray was due to 226Ra (0.035
y-ray per disintegration) and 42% from 235U
(0.54 y-ray per disintegration, 0.0466 pCi
235U/pCi 238U). Radium-228 was determined
by measuring 228Ac and 208T1 y-rays and
assuming that these were in equilibrium with
228Ra. For <°K, the 1.461-keV y-ray was
measured.

A group of 23 new homes, built with these
materials, was surveyed with the PIC to
measure the exposure rate; 6 older homes
and 29 multi-unit structures were also sur-
veyed. The PIC is a steel sphere, 0.3 m in
diameter, filled with argon at a pressure of 25
atmospheres. It was calibrated in terms of
^R/hr with a 22*Ra source checked by NBS.
The PIC was taken to various locations in
houses, including the centers of rooms and
near walls, to measure typical values and to
search for sources of elevated exposure
rates. Where materials responsible for higher
radiation exposure rates were found, the
radionuclides were identified by analyzing a
sample of material or by operating a portable
Ge(Li) detector with spectrometer nearby.

A computer calculation of the exposure
rate in a room with radioactive walls or floors
was performed with the modified code
FUDGE 4 (Ma64). The values of nRlhr at a
grid of locations within a room for the three
terrestrial radionuclides at unit concentra-
tions in walls and floor were obtained for
square structures, 2.4 m high with various
floor areas between 10 and 150m2. Wall and
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floor surface densities were 17 and 23 g/cnv
respectively. The values are approximate
because only mean values of y-ray energies
and fractions were used for the two decay
chains (!MU: 0.81 MeV, 210%; :32Th:
0.88 MeV, 270%; ^K: 1.46 MeV, 10.7%).
Results depend noticeably on the choice of
buildup factors, for which Taylor's sum of
exponentials was used (Mo73), and were
clearly inappropriate near surfaces.

The component of concrete blocks res-
ponsible for the elevated exposure rate was
identified by inquiries of suppliers on the
basis of date of construction and physical
characteristics. Upon being contacted, the
supplier of that component provided all
requested information concerning the source
and its extent, and also samples for analysis.

Radon-222 concentration in air was
measured in 125-cm3 radon scintillation
(Lucas) cells. The samples were collected in
three office/laboratory buildings at the Geor-
gia Institute of Technology during the morn-
ings for 1-min periods by admitting air into

evacuated cells (Ka83). Concrete blocks with
considerably elevated "''Ra concentrations
were used extensively in constructing two of
these buildings. Measurements were perfor-
med to determine differences in air between
outside and inside, among different floors
within a building, among buildings, and as
functions of season, time and atmospheric
conditions. Radon flux density was measured
by collecting :::Rn on 200cm1 charcoal in
80-cnr containers sealed to the ground or to
floors and walls for 3 days and analyzing the
charcoal by y-ray spectrometer. The ven-
tilation rate in buildings was determined by
measuring SF6 tracer with a gas chromato-
graph. Radon analyses of water showed that
water use was not a source of :"Rn in build-
ing air.

RESULTS AND DISCUSSION
The radium concentrations in the brick and

concrete samples listed in Table 1 were
observed to be in the four distinct categories
labelled "very low," "low," "medium" and

Table \. Average radionuclide concentration and exposure rate potential of construction materials

No. of
Material Samples

Brick 2
5

24
6

Concrete, 3
poured 14
and block

Tile 9
1

Wood 1
5

Wal l ceil- 5
ing board
and tiles

Glass 2
panes

Glass 3
fiber
i nsulation

Roofing 1

Metal 2
braces
and wires

Radionuclide

226Ra

0.2
0.6
1.8
3.5

0.7
1.4

1.9
1.7

0.04

--

-

—

--

~ ~

concentration, pCi/g

228Ra

0.08
0.9
1.9
2.9

0.5
1.7

1.0
2.1

0.013

—

—

--

-

.-

40K

0.3
12.
17.
27.

8.0
26.

5.3
28.

0.3

--

--

--

--

"

Exposure rate
index, uR/hr

0.7
5.8

11.8
19.7

4.1
12.1

7.4
14.2

0.2

--

—

--

-

"

Category

ve ry 1 ow
low
medi urn
high

low
medi urn

low
medi urn

ve ry 1 ow
very 1 ow

very low

medi urn

medi urn

low

low

"h
br
"n
nu
gi^
ca
av
pr«
In
dif
:*,
"rr
rel
thr
frc
1.1

est
du>
tra
232-j

ind
me
sla
rad
the
mo
Bee
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"high." It should be noted that many more
brick and concrete piles were in the
"medium" category than indicated by the
numbers of samples because preference was
given to analyzing samples from piles that
caused unusually high or low count rates. The
average for each was separated by ap-
proximately a factor of two from the other.
In only a few instances (Ei80) did these clear
distinctions among categories not apply. The
226Ra and 228Ra concentrations in the
"medium" category were somewhat high in
relation to surface soil from 16 locations
throughout Atlanta, in which the range was
from 0.3 to 2.6 pCi/g and the average was
l.lpCi/g(Ka79).

An index, /, in juR/hr. was selected to
estimate the radiation exposure rate potential
due to the combined radionuclide concen-
trations, C, in pCi/g, of the "8U progeny,
:32Th progeny and *°K in a material. This
index was taken to be the exposure rate
measured 1 m above an infinite hemisphere or
slab with respect to the -y-rays emitted by the
radionuclides. The following relation, with
the first coefficient modified on the basis of
more recent decay information, is given by
Beck (Be72; Be79):

= 1.90 (D

Concentrations of 226Ra and 228Ra can be
substituted for those of :38U and :32Th, res-
pectively, because X- and -y-rays in the
chains before radium contribute little to the
total exposure rate. Krisiuk et al. first used
this approach (Kr71) in terms of an infinite

sphere, i.e. approx. twice the above exposure
rate per concentration. Their coefficients
were approx. 20% higher than double those in
equation (1) for :3SU and :32Th. possibly
because they used different y-ray intensities.

The average indices given in Table 1 main-
tain the distinct categories observed for
radium concentrations in brick and concrete.
Extreme values in a category were generally
within 20% of the average (Ei80). These in-
dices compare to measured terrestrial back-
ground exposure rates between 2 and
12^iR/hr in the Atlanta area (Ka79). In ad-
dition, cosmic radiation in Atlanta (elevation
300m) contributes 3.8 juR/hr (NCRP75; Li72)
to the outside exposure rate and possibly 10%
less inside (NCRP75).

The survey results with the Nal(Tl) detec-
tor placed above large piles of materials were
consistent with the index values given in
Table 1. The count rates approximated the
exposure rate indices for terrestrial radiation
on the basis of the calibration factor for the
survey meter of 600count/min per ^R/hr
because the detector is relatively insensitive
to cosmic radiation. The contribution to the
count rate from widely varying levels of ter-
restrial radiation had to be taken into ac-
count, however, as well as radiation from
nearby stacks of other materials. The tests
with concrete, brick, tiles, and wood gave
sufficient confidence to apply the method to
the other materials listed in Table 1, as long
as these materials were not in the "high"
radiation category.

The building survey results in the first three
rows of Table 2 show wide ranges of

Table 2. Exposure rates in structures
Average exposure

Buildings

New homes

Older homes

Multi-unit structures*

Multi-unit structures.
with phosphate slag
concrete block

No.

23

6

24

5

outside

6.3-12

6.5-9.7

9.0-16

7.8-16

inside typical

7.1-15

8.0-16

8.0-18

28-34"

rate and range
inside low

6.7

6.9

6.3

26"

, pR/hr
inside high

19

18

21

48

* Apartment buildings, offices, schools and warehouses.
** Refers to areas with these blocks; exposure rates in other areas were

similar to those in other buildings.
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exposure rates both inside and outside. Inside
exposure rates were consistently higher, al-
though generally by small increments, in
buildings constructed with brick or concrete.
The extent of elevation depended on the
materials that were used. In the one wooden
frame house that was surveyed, the exposure
rate was lower than outside (Ka79).

Within buildings, the radiation exposure
rate varied with the distance from the main
source of radiation. The highest values shown
in Table 2 were measured near the surfaces
of masonry walls or floors, particularly in the
basement. Exposure rates decreased from
basement to ground floor to second floor, and
were lowest away from concrete or brick on
upper floors (Ei80).

Extensive measurements indicate that in-
side y-ray exposure rates, excluding the
cosmic ray contribution, in homes with
masonry walls are typically 1.2-1.6 times as
high as the outside terrestrial exposure rates
(Ko78; Ni80). Moeller and Underhill (Mo76)
suggest a factor of 1.3 for the ground floor
relative to outside, and factors 30% higher in
the basement and 15% lower on the second
floor. In frame houses, on the other hand,
walls contribute fewer y-rays than they ab-
sorb, resulting in inside exposure rates that
are 0.7-1.0 of outside values (Ni80; Mo76).

Estimation of the indoor radiation
exposure from construction material with the
index / from equation (1) appears feasible for
relatively simple situations. Krisiuk et al.
(Kr71) arrive at an indoor y-ray exposure
rate equivalent to 2 / if walls, floor, and ceil-
ing are infinitely thick with regard to the
emitted -y-rays. This is the upper limit of the
indoor exposure rate due to the material. It
can be encountered in buildings with very
thick or multiple walls. Koblinger (Ko78), in
calculating the y-ray exposure rate in a 4- x 5-
x 2.8-m room from 20-cm-thick concrete

floors, wall and ceiling, obtained approx. 1.8
/. Extrapolation of his values to 10-cm-thick
concrete yields 1.4 /. Calculations for a
square room or building with masonry walls
or floor resulted in the radiation exposure
rates in terms of I shown in Figs. 1 and 2 for
238U. Similar curves were obtained for 232Th
and 40K. The values are lower than the

Koblinger results extrapolated to 10-cm-thick
material because a nonradioactive ceiling had
been postulated. This is generally applicable
to 1-family homes in the U.S.

Estimates of indoor y radiation exposures
must include the terrestrial exposure rate
attenuated by walls and floors and the slightly
attenuated cosmic ray exposure rate. For
example, in computing the exposure rate on
the first floor of a 12-x 12-m 1-family house
in Atlanta, the following sources must be
considered if the terrestrial exposure rate is
6f iR/hr and the building material index is
6jiR/hr: terrestrial radiation 6piR/hrx0.3
(Ka79), cosmic rays, 3.8 n,R/hr x 0.9. and
building materials 6 x 0.8 (see Fig. 1), for a total
of 10 fiR/hr. If the I value for the material were
12/iR/hr, more typical of the index for con-
crete and brick at Atlanta, the indoor levels
would be 15 ptR/hr. The sample calculations
yield reasonable results compared to the
measured values but suggest the difficulty of
calculating precise exposure rates from a rela-
tively simple model.

In the five structures referred to in the last
row of Table 2, much higher radiation
exposure rates than usual were found near
the surface of concrete block walls. These
walls were in two office/laboratory buildings
at the Georgia Institute of Technology, two
warehouses, and in portions of corridors in
the former Atlanta airport terminal. The
buildings were among 29 multi-unit structures
randomly selected for this test survey. The
structures or parts of structures in which the
walls had higher exposure rates were built in
the mid-1960s.

Samples of block from three of these
buildings were available for analysis. The
blocks had the following averages and ranges
of radionuclide concentrations (Ka83):

226Ra 19
228Ra 1.0
40K 9.1

(18-21)pCi/g
( 0.9-1.2)
( 7.4-9.9)

The 226Ra concentrations are extraordinarily
high for building material, whereas 228Ra and
^K are in the "low" category of Table 1. The
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FIG. 1. Average r-ray exposure rate index within building due to "'U chain in walls and
floor.

sample of brick or concrete measured in this
study.

A -x-ray spectrum obtained on site with a
portable Ge(Li) detector showed the much
higher ::6Ra concentration in the concrete
blocks relative to "8Ra:

Relative amount, pCi
226Ra 2MRa "K

Building with 10.0 1.0 8.7
concrete blocks

Control building 1.1 1.0 7.7

Absolute calibration is difficult because of the
different concentrations of the three
radionuclides in the high-::6Ra walls and in
the nearby floor and ceiling with normal :26Ra
levels. Relative calibration (approximately a
straight line of energy vs efficiency on a log-
log graph) is feasible on the basis of
numerous y-rays of known intensity from
either ::6Ra or "8Ra progeny. The relative
"6Ra amounts in the building with concrete
blocks are intermediate to the concentrations
in these blocks and in ordinary concrete.
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The source of the elevated 226Ra levels in
the blocks was found to be slag from the
thermal reduction process for phosphorus
production at a plant in Muscle Shoals, AL.
Five samples of slag provided by the plant
contained the following averages and ranges
of radionuclide concentrations:

226Ra 28 (19-38) pCi/g
228Ra 0.8 (0.6-0.8) „
^K 4.2 (1.9-5.7) »

The plant uses a mixture of phosphate ore
from Florida and Tennessee, typically 33% of
the former at an average 226Ra concentration
of 65 pCi/g and 67% of the latter at 4 pCi/g
(Wi75).

Until 1969, most of the slag was prepared
in an expanded form; thereafter it was in a
quenched form until all sales were halted in
1978 (Ma78). Both were used extensively for
manufacturing concrete blocks: the expanded
form, to make lightweight blocks that contain
approx. 80% slag, and the quenched form in

i



B. KAHN et ai 357

blocks that contain 30-40% slag. The 226Ra
concentration due to slag in the lightweight
block would be expected to be 22 pCi/g, only
slightly higher than in this study. The blocks
with quenched slag would contain 8-11 pCi/g,
consistent with concentrations of 8 pCi/g
found in blocks produced in the early 1970s
(Wi75). According to the producer, approx.
2.8 million tons of slag were shipped mostly
to construction and building material com-
panies in Alabama, Tennessee, Mississippi
and Georgia between 1953 and 1978. Of this
amount, 380,000 tons were shipped to two
firms in the Atlanta area between 1962 and
1966 (Ma78). This slag tonnage corresponds
to 480,000 tons of lightweight concrete
blocks, which may have been used to con-
struct several thousand buildings.

Measurements of :2:Rn concentrations at
two buildings (NE and ER) in which inside
walls were constructed with numerous high-
"6Ra concrete blocks and at a control build-
ing (CE) are consistent with previous obser-
vations (St80): 222Rn inside were much higher

than outside and concentrations on the
ground floor were higher than on upper floors
(Ge80). Taken together, the data in Table 3
suggest that the ground beneath contributes a
major fraction of the :"Rn inside the building
and that ::2Rn accumulates in the building due
to limited air exchange with the outside.

Although 222Rn concentrations in air at the
two test buildings were much higher than in
the control building, calculations based on
flux density and ventilation rate measure-
ments (Ka83) lead to the conclusion that the
blocks with high 226Ra contents are not a
major source of 222Rn. The results sum-
marized in Table 4 are based on 222Rn flux
density measurements in soil just ouside the
buildings and on concrete floors and walls
(both high-radium blocks and poured con-
crete at normal 226Ra levels). Measured ven-
tilation rates showed an average exchange of
inside with outside air of 1.1 per hr in all
three buildings. Because measurements on
the slab at the lowest floor of the buildings
showed much higher :22Rn flux densities over

Table 3. Average morning ":Rn concentrations in building and outside air

location
concentration, pCi/L

Outside Basement 1st floor 2nd floor 3rd floor

CE building 0.1 (6)* 0.7 (8) 0.4 (2) 0.5 (4) 0.3 (2)
<0.1-0.3 0.2-1.9 0.4-0.5 0.1-1.0 <0.1-0.6

NE building 0.2 (11)
<0.1-0.4

1.3 (11)
0.9-1.8

0.7 (10) 0.8 (4)
0.5-1.0 0.6-0.9

ER building 0.2 (5) 2.4 (7) 2.0 (5) 1.8 (4)
<0.1-0.3 0.4-3.7 0.1-3.2 0.9-2.2

* Number of measurements in parentheses; range of values shown on second
line.

Table 4. :"Rn concentrations in building air calculated from :::Rn flux density and outside air
measurements
concentration from source, pCi/L

Location

CE building

NE building

ER building

Ground

0.2

0.6

1.1

Concrete walls
Unbroken slab and floors*

(0.04)

(0.06)

(0.04)

0.06

0.05

0.03

—

0.1

0.2

Outside air

0.1

0.2

0.2

* the first value is for materials with normal 226Ra> the second is for
materials with high 2Z6Ra
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cracks and seams than on the unbroken floor,
it is believed that :::Rn from the ground
enters buildings mostly at such breaks and at
openings for pipes and ducts. Hence, con-
centrations based on flux densities measured
at the ground (see Table 4) appear to be more
appropriate for predicting 222Rn levels in in-
door air than concentrations based on
measurements at the unbroken slab.

Measurements of WL values in basements
of 17 houses in Alabama that were built with
phosphate-slag-bearing concrete blocks and
in five control basements (US80; Ma78)
confirm the need to distinguish among
sources of 222Rn before instituting control
actions. Although the averages of 0.018 and
0.014 WL, respectively, for the test and the
control values were not significantly different,
some test homes had relatively high levels
that in the absence of specific information
might be attributed to the building material.

The values in Table 5 were calculated to
compare 222Rn concentrations in building air
and -y-ray exposure rates expected from
concrete with a medium exposure rate index
and from concrete blocks similar to those

found in Atlanta. In addition to the indicated
room dimensions, :>Ra concentrations and
radiation exposure rate indices, the following
values were assumed: concrete blocks are
0.14 m thick and have an effective density of
l.Og/cm' (the concrete density is actually
2.3 g/cm\ but the blocks are hollow); their
emanation fraction is 0.05 (an average value
of 0.03 was determined) (Ka83), and the
ventilation rate is 1 room volume per hr. The
y-radiation exposure rate was computed on the
basis of exposure rate indices from Fig. 1 for all
rows in Table 5 except 4 and 6, for which 1.4 I
was used. Concentrations of :22Rn were com-
puted for equilibrium among exhalation from
radium-bearing material, air turnover, and
radioactive decay (Ka83).

These estimates suggest that the presence
in walls of the high-"6Ra concrete blocks
increases the average -y-ray exposure rate
within the rooms used in the examples by
approx. 10 ^R/hr, but the 222Rn concentration
in building air by only 0.2-0.3 pCi/1. The
situation in the fifth row is comparable to the
ER and NE buildings. In these two buildings,
the predicted exposure rate, with 5 /j,R/hr

Table 5. Estimated radiation exposure rates and !2:Rn concentrations in air from building material

Structure
Radiation exposure Index Exposure rate, 222Rn Concen-

of material. uR/hr________pR/hr____tration, pCi/L

basement.
1-family house
12 x 12 x 2.4m

12

12 (floor) and

9.9

19.2

0.034

0.20

multi-story
masonry building
9 x 9 x 3.0m

44 (Malls)

44

12

12 (floor and
ceiling) and

44 (walls)

44

36.1

16.8

27.3

61.6

0.42

0.049

0.28

0.61

l = l 2 j i R / h r corresponds lo
u R / h r , CR a_226 - 21 pCi /g

for 1=44

2.

3.

Exposure rates do not include values due to cosmic rays or
the ground; Rn-222 concentrations do not include values from
outside air, the ground, or gas and Hater supplies.

Exposure rates in the home and In the office with mixed
materials depend on location in room; these are average values
based on Figure 1.
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added due to radiation from cosmic rays and
the ground outside, corresponded to average
measured values. The predicted 222Rn incre-
ment of 0.2 pCi/1 could not be attributed to
building materials on the basis of measure-
ments alone because of the much greater
fluctuations in the totals shown in Table 3.

SUMMARY AND CONCLUSIONS
A survey in Atlanta found that the only

building materials that resulted in y radiation
exposures comparable to terrestrial levels
were concrete and brick. Typical radionuclide
concentrations in these two materials were
approx. 1.6pCi/g for ::6Ra, 1.8pCi/g for "8Ra
and 20 pCi/g for ^K. Some groups of materi-
als with considerably lower and higher
radionuclide concentrations were also found.
Surveys in buildings showed y radiation
exposure rates ranging from 7 to 18 /nR/hr
compared to 6-16 ^iR/hr outside.

In a few buildings, inside walls had been
constructed with concrete blocks that caused
exposure rates near 40 /xR/hr. These blocks
had been made with slag from a phosphorus
production plant that utilized phosphate
minerals high in 226Ra content. The blocks
contain 226Ra at a concentration of 19pCi/g.

Measurements in two buildings with high-
:26Ra blocks yielded average ::2Rn concen-
trations in air of 2.2 and l.OpCi/l., compared
to 0.6pCi/I. in a control building. Measure-
ments of 222Rn flux density at walls and the
ground suggested, however, that these
differences were due mainly to different 222Rn
exhalation rates from the ground.

A radiation exposure rate index /, in units
of /xR/hr, is proposed for relating radionucl-
ide concentrations in building materials to
y-ray exposure rates over blocks of the
material, and also for using either of these
measurements to predict exposure rates due
to the material in buildings. The index cor-
responds to the terrestrial exposure rate 1 m
over an infinite hemisphere of material. The
upper limit of the exposure rate in buildings
is 2 I, corresponding to a measurement within
an infinite sphere of the material. More typi-
cal values are 0.87 in 1-family homes and
1.47 in multi-story masonry buildings. The
coefficient of 7 depends on the location of the

material relative to the measurement point;
sample values are given in Figs. 1 and 2. To
these values must be added the terrestrial and
cosmic ray exposure rates as attenuated by
walls, floors and ceilings.

The :22Rn concentration in building air due
to construction materials can be computed
from the 226Ra concentration in the material,
the amount of material, the emanation frac-
tion of 222Rn, the volume of air, and the
ventilation rate. Because :26Ra is one of three
radionuclides that contribute to the index, the
index can only be used to indicate the upper
limit of 222Rn concentration in air. If needed,
the actual 226Ra concentration can be deter-
mined by sampling the material or estimated
by performing y-ray spectral analysis in
structures.

Because of the difficulty in determining
reliable WL values in building air relative to
the ease in measuring y-ray exposure rates, it
is recommended that any extensive surveys
that are undertaken measure the latter, and
then infer the upper limit of WL values. Only
in cases where very high y-ray exposure
rates indicate the possibility of significantly
elevated 222Rn concentrations in building air
and hence high WL values from materials
will it be necessary to perform 222Rn or WL
surveys. To utilize this approach, the amount
of source material and minimum ventilation
rates must be determined for buildings that
contain high-226Ra material. It is also sug-
gested that more information be obtained
concerning the mechanism of 222Rn exhalation
from materials so that the emanation fraction
and conditions of maximum exhalation can
be known for the materials under con-
sideration.
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Radon results for West Chicago. IL
1.8 AVG 5.1
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SUMMARY

The Illinois Department of Nuclear Safety (DDKS) has performed radon screening measurements in
approximately 4,100 homes in 98 counties. Results indicate about 39 percent of the basements
tested have radon levels that exceed the U.S. Environmental Protection Agency (EPA) guideline of 4
picocuries per liter (pCi/L) and 1 percent have levels greater than 20 pCi/L. About 11 percent of first
floor areas tested have levels greater than 4 pCi/L and less than 1 percent have levels greater than 20
pCi/L. In total, about 31 percent of all homes tested have radon levels greater than 4 pCiXL. If these
results represent the entire state, this could mean as many as one million homes in Illinois have levels
above EPA guidelines.

The screening program has not indicated any areas in Illinois that face a serious health risk from
radon, but there are some areas with a significant percentage of homes with screening results in
excess of 4 pCi/L, which merit additional study. Radon may, however, cause significant economic
problems for those homeowners with homes greater than the standard. Correlations between house
construction characteristics and radon concentrations show no particular feature or combination of
features clearly contributes to high radon concentrations.

Although radon concentrations in Illinois are not as high as in some other states (e.g.,
Pennsylvania), there is still the potential for a health hazard needing to be addressed by IDNS and
other agencies. Publicity has increased public concern about radon, proper methods for measuring
radon levels and the ability of private companies to provide effective services for reducing levels of
radon. There is also considerable concern over the need for and quality of radon measurements
conducted when required for real estate transactions. IDNS is assisting the public in coping with
these issues. Additional efforts which should be undertaken by IDNS include follow-up studies in
neighborhoods identified as potentially exhibiting elevated levels of radon, and development of a
training and certification program for radon mitigation contractors.
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INTRODUCTION

Because of the significance of radon, Governor James R. Thompson established a task: force in June
1986, to investigate the problem of indoor radon in Illinois and report its findings and
recommendations. The task force recommended that IDNS be designated the lead agency in the
development, implementation and coordination of a comprehensive statewide indoor radon
monitoring program. Since the task force recommendations were announced IDNS has conducted
studies to (1) locate houses in Illinois with high radon levels; (2) estimate the number of houses in
Illinois that might have elevated radon levels; (3) assess the range of indoor radon exposure to
Illinois citizens; and (4) determine if any geographic regions that, because of particular geological or
other conditions, have greater potential to increase public radon exposure (Illinois Department of
Nuclear Safety, 1986). The current Illinois radon program also addresses the question of radon
exposure potential in nonresidenual structures such as schools and is involved in radon reduction
projects and public education programs.

NOTES ON 1990 UPDATE

This report is an update of the November 1988 version of "Radon in Dlinois, A Status Report"
(Illinoi s Department of Nuclear Safety, 1988). The Radon Mitigation Act of 1989 requires IDNS to
submit a report to the General Assembly describing its findings and recommendations regarding the
existence and nature of the risk from radon in dwellings and other buildings in Illinois. This update
is intended to serve that purpose. The 1990 report contains new information on:

- Illinois residential screening project:
- epidemiological studies;
- lung cancer risk factors published by EPA;
- the impact of radon measurements on real estate transactions;
- new radon detection equipment;
- Illinois legislation;
- IDNS sponsored training; and
-the State Indoor Radon Grant program

SOURCES OF RADON

Radon is a radioactive gas produced by the decay of radium, a naturally occurring radioactive
element. Radium is present as a trace element in all soils and rocks throughout the United States, but
is found in high concentrations in some areas. Since it is present in all soils, no areas of Illinois art
expected to be entirely radon free. Every Illinois citizen is therefore exposed to indoor radon to some
degree. Current studies are designed to evaluate the range and magnitude of radon exposure and
contributing factors.



Radon is a colorless, odorless, tasteless and chemically inert gas which produces no apparent
symptoms upon immediate exposure. It is denser than air, which means it will tend to sink to the
lowest levels in a house in the absence of forced circulation. Because, like helium, it is not
chemically active, radon diffuses through porous materials, such as soil, and easily passes through
cracks in concrete and other solid materials. Radon-222 has a halflife of 3.8 days, and decays into a
series of radioactive elements called radon decay products. These decay products include polonium-
218, lead-214, bismuth-214 and polonium-214, and differ from radon in a variety of ways. Radon
decay products are solids, and are strongly attracted to surfaces, therefore attaching themselves to
walls, floors and dust panicles. Since they attach to dust particles, they are removed from the air by
paniculate filtration. They are also emitters of alpha radiation, and when attached to dust panicles,
may be inhaled and deposited in the lung, leading to alpha radiation exposure of the lung. Scientists
have concluded that long-term alpha exposure of the lung can cause lung cancer, but there is
considerable discussion regarding the ability of very low radon levels to cause lung cancer.

UNITS OF MEASUREMENT

Because radon and its decay products have different properties, they have different units of
measurements. Radon gas is measured in picocuries per liter (pCi/L). The unit "working level"
(WL) is used to express the concentration of radon decay products. Since radon transforms to these
decay products, the concentrations of radon and its decay products are equal and the decay products
reach their maximum concentration only under equilibrium or "closed box" conditions. These
conditions are rare in nature, however. For simple indoor measurements, 50 percent equilibrium is
assumed, and it is generally accepted that 200 pCi/L of radon gas is equivalent to 1 WL.
Measurements made outdoors, in mines, or under conditions when dust panicle concentrations are
artificially low, require that working levels be measured directly. A working level monitor is
appropriate for this purpose.

A working level month (WLM) is a unit of cumulative exposure first used to describe exposure of
uranium miners to radon decay products. One WLM is equivalent to continuous exposure to 1 WL
for 170 hours. The current occupational exposure standard set by the Mine Safety and Health
Administration is 4 WLM per year. Unless otherwise specified in this report, the term radon is
meant to include both radon and its decay products.

FACTORS INFLUENCING RADON LEVELS

Radon levels in houses fundamentally depend on two parameters. These are the rate of gas entry
into the house from soil and the rate at which the radon escapes from the house. Among factors
contributing to the entry of radon from the soil are the concentrations of radioactive elements in the
underlying soil; soil permeability and moisture content; and pressure differentials between the house
and the soil. Under conditions where house pressure is less than soil pressure, radon will flow into
the house at a higher rate than normal diffusion. Pressure differentials are influenced by weather
conditions, heating, ventilation and air conditioning systems, household appliance use and house
construction features.
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An example of the effect of the barometric pressure alone is shown in figure 1, where the radon level
on a lawn was measured by IDNS over a three-day period and found to vary over an order of
magnitude. In addition, IDNS measured variations of similar magnitude in indoor radon decay
product levels. In this case, a working level monitor was used because this instrument is capable of
providing hourly readings. The data for two houses chosen for illustrative purposes only, shown in
figures 2 and 3, demonstrate the variability with time as well as the variability from one house to
another.

Construction features increasing the rate of radon entry into houses are open sump pumps, basement
drains and full or half-size crawl spaces that are open to the underlying soil. Any of these features,
when associated with a pressure differential between the house and soil, will tend to increase the rate
of radon entry.

Energy efficient homes minimize the exchange of air with the outdoors, thereby conserving heat in
the winter and cool air in the summer. These conditions also inhibit radon escaping from the house.
In a previous attempt to correlate radon levels with these conditions, however, Nero found energy
efficient homes do not necessarily have elevated levels of radon, although a reduction in air exchange
rates may increase already elevated levels (Nero. 1984). Low air exchange rates will also tend to
distribute the radon more evenly within the house. Current data by Cohen and Gromicko indicate
that older, draftier houses probably do not trap and retain radon well and therefore do not usually
exhibit elevated radon levels (Cohen and Gromicko, 1988).

The correlation between high radon concentrations and the geology of the underlying soil has been
the subject of much investigation since the issue of indoor radon exposure gained national
prominence in 1985. This was triggered by the identification of houses with high indoor radon
levels in eastern Pennsylvania. These homes were located on a geological structure known as the
Reading Prong, which in pan consists of formations of uranium-bearing granite. This distinct
geological contribution to the radon concentration in this area focused national attention on geology
as a major contributing factor to radon exposure.

Despite the number of studies conducted to date, much of the data are inconclusive or contradictory.
Of the many factors discussed above, few are well understood. Thus, it is difficult to predict radon
levels in any particular home with certainty.

HEALTH EFFECTS OF RADON

Numerous studies of underground uranium miners exposed to radon decay products show an
increased risk of lung cancer in comparison with populations not occupationally exposed. The
results of epidemiological studies of miners in several countries have been compiled and analyzed by
many scientific and regulatory groups.

One of the most recent and comprehensive reports on the health effects of radon and its decay
products was published by the Committee on the Biological Effects of Ionizing Radiation of the



National Academy of Sciences (National Academy of Sciences, 1988). The committee reported that
although the hazards of exposure during mining are well recognized, the hazards of exposure in
other environments such as homes, schools and offices are not yet quantified adequately.
Mathematical expression of the risk is complicated by other factors such as cigarette smoking, which
is also linked to cancer. The American Cancer Society estimates smoking is responsible for 83
percent of all lung cancers (American Cancer Society, 1987). Many scientific groups are
investigating the theory of a synergism between tobacco smoke and radon increasing lung cancer
risk.

The National Council on Radiation Protection and Measurements also reviewed health data from
miners and developed a model for predicting lung cancer deaths from exposure to radon decay
products. This model predicts about 130 fatal lung cancers per million person-WLM, which means
the lung cancer risk over a lifetime of exposure to 4 pCi/L of radon is about 1 chance in 119
(National Council on Radiation Protection and Measurements, 1984).

U.S. EPA RISK FACTORS

The EPA is charged with responsibility for setting national standards for exposure to radiation and
assumed the federal leadership role for indoor radon issues. The agency recommended a remedial
action level of 4 pCi/L for residences. While the EPA believes that no level of radon can be
considered risk free, the agency is advising homeowners to reduce the levels of radon in their homes
as low as possible, within the limits of the state-of-the-art in radon reduction technology. EPA,
using its own methods for calculating cancer risk, estimated that 22,000 of the 130,000 annual lung
cancer deaths may be due to exposure to indoor radon. The EPA model predicts about 360 fatal
cancers per million person-WLM (U.S. Environmental Protection Agency, 1990). This is somewhat
higher than the BEIRIV model estimate of 305 fatal cancers per million person-WLM (National
Academy of Sciences, 1988).

In summary, although most scientific groups agree evidence supports the link between radon
exposure and an increased risk of lung cancer, there is still considerable discussion over quantitative
estimates of the risk, particularly at lower concentrations typical in residences. This is consistent
with disagreements among scientists regarding links between low levels of ionizing radiation and
other types of cancer.

EPIDEMIOLOGIC STUDIES

There is considerable debate over the preferred method for conducting epidemiologic studies for
determining the health risks of radon exposure. EPA has criticized studies for alleged design flaws
other than those which show a correlation between radon exposure and lung cancer. In a recent
article, Conrath from EPA dismissed the findings of epidemiologic studies that are group studies
(Conrath, 1990). An example of such a study was conducted by Cohen, who compared average
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radon concentrations with lung cancer death rates by county (Cohen, 1988). Contain cites the failure
of such studies to recognize the mobility of American families and to recognize the wide range of
radon results which can be obtained within a given county.

The New Jersey Department of Health recently completed a case-control study of radon in lung
cancer among New Jersey women (New Jersey Department of Health, 1989). This study i$ one of
the first large-scale studies based on actual measurements in homes and associated smoking data.
The study found a weak correlation between radon exposure and lung cancer for exposed women.
Although the authors acknowledge a number of problems with their own data and the data collection
approach, Conrath prefers such case-control studies to group studies.

The IDNS screening study data has been targeted by investigators wishing to conduct group
epidemiologic studies using Illinois cancer death statistics. IDNS has thus far declined to participate
in such studies or supply data for such studies due to the severe limitations of the data set.

DETECTION AND MEASUREMENT OF RADON

There are two kinds of measurements: screening and follow-up monitoring. Screening
measurements are taken quickly to determine whether a house has a potential radon problem. These
measurements are usually done in the lowest living area of the house, in order to detect the highest
level. According to EPA protocols, if the screening result is greater than 4 pCi/L, follow-up
measurements are recommended. The objective of follow-up measurements is to estimate the long
term average radon concentration in living areas so that informed decisions can be made about risk
and the need for remedial action. This is done by placing detectors in at least two locations of high
occupancy. For homes with a screening result between 4 and 20 pCi/L, long term (12 month)
monitoring is appropriate. For homes with screening results above 20 pCi/L. immediate follow-up
measurement (1 to 9 month) is urged.

There are many types of detectors commercially available to measure radon and its decay products.
The most common types of detectors used for radon screening are charcoal canisters and alpha track
detectors. Charcoal canisters are placed in buildings for a short rime period, usually two to seven
days, to trap radon gas. The canisters are then sent to a laboratory for analysis of radiation emitted
from the trapped radon. This detection method is quite sensitive, but does not allow for monitoring
over a long period of time. Thus, individual peaks or valleys in radon concentration like those
shown in figure 2 could be measured instead of meaningful average concentrations. Alpha track
detectors contain a strip of plastic film inside a canister, and directly measure the radiation emitted by
the radon. Since the radiation exposure is cumulative, these can be used for long periods of time,
typically from one to 12 months. Alpha track detectors are less sensitive than charcoal, but can be
used to obtain average concentrations over longer periods. The exact time they are left in a house is
less critical than with charcoal canisters. The long-term average concentrations can be used to
estimate radiation exposure levels, whereas the short-term values measured by charcoal canisters
cannot be convened to reliable exposure levels of the occupants of a house.



IDNS studied a group of 25 homes with both charcoal and alpha track detectors placed side by side.
The frequency distributions for the two types are shown in figure 4. They show similar, although
not identical patterns. The shape of the curves highlights the finding that while 43 percent of these
homes screened exceeded the EPA guideline, very few had significantly elevated levels. The
charcoal curve exhibits a wider range of results, which reflects the inability of charcoal to integrate
and average over a long time period. Data for the individual homes are shown in table 1. Note that
a charcoal canister significantly overestimated the radon level in house number 17, while the
concentration was underestimated in house number 18. Because of this limitation, and other
logistical problems associated with charcoal canisters, IDNS performed most of its screening with
alpha track detectors.

One of the newest radon detection devices is called the electret ion chamber (EIC). The EIC was
described by Kotrappa (Kotrappa, 1988) as using an electrically charged disk in conjunction with a
conductive volumetric flask (ion chamber) to indirectly measure the concentration of radon in
ambient air. The electret is a true radon integration method and can detect radon at a wide range of
concentrations. The electret is treated to hold an electrostatic potential that attracts oppositely charged
ions collecting on the electret surface, thereby reducing the electrostatic potential. The decrease in
surface potential measured after exposure is directly related to the radon concentration over the
sampling period. The ion chamber acts as a collection chamber and is designed to allow radon gas to
enter the unit by diffusion.

Electrets were used to pass the EPA proficiency testing program. Results can be read directly in the
field or the units can be stored intact and analyzed later. Accuracy of the monitors is not affected by
normal temperature or humidity. The same chamber can be used with a different electret for a length
of time ranging from two days to one year. The instruments are small, portable, rugged and easy to
use. The monitors are reusable down to approximately 200 volts. Although an electret with
chamber can be purchased for $60, a reader is $1500. Sensitivity to background gamma radiation
requires background checks and subtraction of that voltage due to the gamma component An
interim protocol was established by EPA for the use of EICs (U.S. Environmental Protection
Agency, 1989). IDNS recently purchased a set of electrets, and will report on experience with these
devices in a future report update.

Follow-up measurements can be done by using alpha track detectors over a 12-month period, or can
be done using a series of four quarterly measurements. Quanerly measurements can be taken using a
continuous working level monitor (CWLM), or can be done using 4-day charcoal detectors. A
CWLM is an electronic device which measures radon decay products, provides results on an hourly
basis and integrates over a 4-day period. This instrument samples the ambient air by filtering
airborne panicles and then counting the alpha particles produced by the radon decay products. It
may be important to conduct long term follow-up measurements due to seasonal variations. Winter
radon concentrations are typically twice as high as summer concentrations, as illustrated in table 2.
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This table aJso supports the EPA recommendation that follow-up measurements be conducted on all
occupied levels of the house, since basement radon levels usually substantially exceed those on the
first and second floor.

One advantage of the CWLM is that it can be used for detecting localized radon sources on-sitc.
Another is that it can be used to monitor fluctuations in radon concentration with respect to time. The
CWLM docs, however, require a trained operator, is expensive and is not easy to calibrate. Most of
the IDNS follow-up measurements were done using alpha track detectors, but a CWLM was used in
situations where diagnostic or quick measurements were needed.

MEASUREMENTS MADE FOR REAL ESTATE PURPOSES

It is becoming common for residential real estate transactions in the Chicago suburbs to include a
radon test. This test is commonly called for in cases where a relocation company is involved, but Is
being specified by potential private buyers as well. Many of these tests are requested on short notice
and must be done using short term devices such as three day charcoal canisters. Some tests are
conducted on extremely short notice and are done using grab samples or other 24 hour methods.
This precludes any long term measurement and bases the decision on a screening measurement rather
than an annual average measurement. In this case 4 pCi/L on & short term screening has become a
de facto standard and protocol for the sale of a property. Both EPA and IDNS discourage the use of
such short measurement results as the sole basis for decision making. This is perhaps the most
serious problem facing radon measurement professionals today. A consensus standard and protocol
is needed for conducting measurements necessary to satisfy the provisions of a real estate contract.

THE ILLINOIS RADON SCREENING PROGRAM

IDNS designed its radon program as a joint state/local effort wherever possible. To facilitate this
effort, training programs for local government personnel were held in areas where these groups were
interested, and radon monitoring was conducted as a joint study. IDNS completed such training
programs in the city of Chicago and in more than 80 counties throughout the state, usually involving
local or regional public health or environmental health agencies.

The first phase of the program was screening Illinois residences using alpha track detectors. The
detectors were deployed for no less than two weeks, but no greater than three months. For logistical
purposes, the statewide screening was conducted on a county-by-county basis. The number of
detectors placed in each county was determined by using geographical and population density
considerations but limited by the resources of the department. A minimum of 30 detectors were
placed in each county screened with at least one detector per township. In counties with city
populations representing a majority of the county, the city was allocated an additional 30 detectors.
Greater numbers of detectors were allocated to the six northeastern counties, due to a high population
density. The number placed was proportional to the county population.



IDNS SCREENING PROTOCOL

Detectors were placed in basements whenever possible according to EPA protocols. Houses with no
basements were screened using first floor measurements. Some of the houses received detectors for
both the basement and the first floor so that a basement/first floor ratio could be calculated. This was
important in developing an expression for the average annual exposure. Most of the measurements
were taken during the heating season. Although homeowners were not instructed to create artificial
closed-house conditions, as they would during a 2-day charcoal screening, it is assumed that most
homeowners kept their doors and windows closed during the winter.

Homeowners participating in the screening were interviewed using a questionnaire that included
questions on the structural features of their homes and use of living areas and appliances. The
results of the interviews were compiled and related to the results of the screening measurements.
Screening measurement results were forwarded to the homeowners and to IDNS.

EPA recommends follow-up measurements for any house which has a screening result of greater
than 4 pCi/L, and a decision to mitigate be made on the basis of an annual average exposure. This
value can be measured using a single alpha track placed for a year or can be made using a series of
shorter measurements. The higher the exposure rate, the sooner mitigation should be performed.
IDNS recommended homeowners conduct follow-up measurements in any home which had a
screening result of 4 to 20 pCi/L. For homes which had a screening result greater than 20 pCi/L,
follow-up measurements were offered by the department to verify the screening result and to
determine whether radon mitigation efforts should be recommended.

To standardize this process, the average annual exposure of the residents was calculated using a
weighted average of the winter basement screening result and the spring living area follow-up
measurements. The relative weights were based on comparisons of 728 three-month measurements
with year-long measurements made in the Reading Prong area (Granlund and Kaufman, 1988). If
the weighted average was greater than 8 pCi/L, then the homeowner was advised to take remedial
action without further delay. If this average was between 4 pCi/L and 8 pCi/L, then an additional
six-month measurement was recommended. Combined results of all measurements were then used
to determine whether mitigation was indicated.

SCREENING RESULTS AND DISCUSSION

As of September 1990, IDNS had performed screening measurements in 4,063 homes in 98 Illinois
counties, as illustrated in figure 5. These screening data are summarized in table 3 and are broken
down by county in table 4. The current data indicate 39 percent of the basements tested have radon
levels that exceed the EPA guideline of 4 pCi/L and 11 percent of the first floor areas have such
levels. In all, 1,263 measurements taken exceeded 4 pCi/L. This is about 31 percent of the total.

The sample of houses screened to date is a small fraction (about 0.16 percent) of the 2.5 million
privately owned houses in Illinois, but if this sample is representative, about 775,000 of the houses
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in the state may have elevated basement levels and 275,000 houses may have elevated first floor
levels. Since this is a significant number of homes from both a public health and an economic
standpoint, and since there are yet no methods that reliably predict the radon concentration in a given
house, IDNS continues to recommend that all homeowners conduct radon tests. The frequency
distribution of the data is shown in figure 6. The data suggest a log-normal distribution. This is in
agreement with the data presented in figure 4, and is consistent with Cohen's analysis of data taken
nationwide (Cohen, 1986).

RESULTS OF OTHER STUDIES

The EPA conducted a seven state joint EPA/state radon screening program in 1988 (U.S.
Environmental Protection Agency, 1988). The study indicated that from 7 to 45 percent of the
houses in those states have the potential for elevated radon levels, as compared to the current Illinois
combined estimate of 38 percent. IDNS plans to participate with the EPA in a joint screening during
the 1990-91 heating season. The results obtained during the EPA study cannot be compared directly
to those obtained by IDNS because the EPA studies are performed using charcoal canisters.

Earlier results compiled by a major supplier of alpha track detectors showed 30 percent of all radon
measurements across the country were above the 4 pCi/L level (Terradex, 1988). These results are
in good agreement with the radon levels in Illinois homes. The average concentration of indoor
radon in this study, 3.9 pCi/L, is approximately equal to the EPA guideline.

EFFECT OF HOUSE CONSTRUCTION CHARACTERISTICS ON INDOOR
RADON

A closer examination of the distribution of radon results by house construction characteristics was
done to develop a better understanding of the behavior of radon in various types of homes. The
following information was provided by homeowners and compiled in a database along with the
screening results:

•age of house;
• type of substructure (basement, slab or crawlspace);
• primary heating source (gas, oil, electric, others);
• basement characteristics such as cracks or drains; and
• crawlspace characteristics such as exposed earth.

Homeowners were also asked to rate their home subjectively according to its energy efficiency on an
arbitrary linear scale.

An attempt was made to correlate these features and characteristics with either high or low radon
concentrations. Results are presented in table 6. There are weak correlations between some of the
features studied and radon levels and absolutely no correlation with other features which are
commonly thought to influence radon levels.
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The age of the house was not a good indicator. Homes less than 15 years old should be more energy
efficient than older homes but no increase in radon concentration was found in these homes. On the
other hand, homes greater than 50 years old are thought to be drafty but were not significantly lower
in radon concentration. Unfortunately more than 86 percent of the homeowners in the study rated
their home energy efficiency as "good" or "excellent;" so little could be drawn from this information,
although the average level in these houses (4.0 pCi/L) was slightly higher than those rated "not at all"
or "somewhat" energy efficient (3.1 pCi/L).

Although successful radon mitigation efforts almost always depend on a well-sealed basement floor,
there was little evidence that houses with basement floor leaks and cracks automatically have high
radon concentrations. The presence of exposed earth either in a basement or accessible crawlspace
seemed to be a common factor in many of the higher concentration homes. Homes with crawlspaces
that are fully ventilated and not accessible from the basement tended to be lower in radon than the
average.

Several studies have failed to show a correlation between certain home construction features and high
radon concentrations. A survey conducted by Cohen of 453 houses in 42 states found only weak
correlations between radon levels and home construction features (Cohen, 1986). One of Cohen's
conclusions was that geological factors might control radon levels to a greater degree than
construction features. This poor correlation precluded public health officials from focusing efforts
on specific types of houses or ruling out radon problems for significant numbers of homeowners.

EFFECT OF GEOLOGICAL FACTORS ON INDOOR RADON

It is not clear whether there are any particular geological formations in Illinois which contribute to
high radon exposures. There is no evidence of any areas with radium concentrations similar to those
in the Reading Prong area, but radium levels do vary across the state and Illinois soils do exhibit
varying permeability and moisture content Some investigators tried to link the National Uranium
Resource Evaluation (NURE) data with indoor radon levels, but the NURE data is useful only for
locating uranium and other nonspecific gamma ray anomalies.

Since IDNS did not have the resources to study geological factors directly on a statewide basis, the
original approach was to rely on the statewide screening program to identify clusters of homes with
elevated radon levels. This was to be done by screening neighborhoods around homes with
confirmed radon levels above 20 pCi/L. It was then planned to study the geology in these local
areas. Due to lack of resources, this neighborhood screening program was postponed. As indicated
in table 3, the department identified about 44 neighborhoods that should be studied.

There are no known areas of the state which exhibit consistently elevated radon levels, such as those
found in Pennsylvania. The highest result recorded was 75.6 pCi/L in DeWitt County. Although no
other homes in that county were above 20 pCi/L, the average result for the county was about
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7 pCi/L. Other very high values were found in the state but they were due to the disposal of radium
wastes and not due to natural conditions.

Illinois screening data identified regions of the state that exhibit higher than average radon
concentrations. These regions are in north central and northwestern Illinois. E>NS identified 18
counties where the majority of the screening measurements were greater than 4 pCi/L (see figure 7).
The Chicago area was not identified as a problem area relative to the rest of the state, but there may
be small local areas of higher than average radon. EDNS has attempted to develop a simple
description of the geographical boundary of the area of greatest concern. This proved difficult.
Note, however, that the area with zip codes beginning with "61" are about twice as likely to have a
screening measurement in excess of 4 pCi/L than areas with zip codes beginning with "60" and "62".

RADON IN SCHOOLS

Not all personal radon exposure can be attributed to private residences. Studies are in progress to
determine what fraction of personal radon exposure is due to exposure at home. Some factors that
allow radon to enter houses also apply to commercial and public buildings. Some public buildings
are of particular concern due to potential radon exposure to children. Because of this concern, EDNS
initiated a screening program for schools. The program has had two phases thus far. In the first
phase, for each of 21 counties screened, two elementary schools were selected for participation. Six
detectors were placed in each school with at least two detectors placed on each level. Detectors were
placed only in areas frequented by students, such as classrooms, libraries and lunchrooms. Some
basement areas fell into this category. Detectors were left in place between one and two months.
Screenings, conducted on this limited basis, indicate about 25 percent of the student areas contained
radon levels exceeding 4 pCi/L.

Most recently, IDNS performed long term alpha track measurements in all public schools in Clark
and Wayne counties. A total of 25 schools were tested, Only one student area had radon levels in
excess of 4 pQ/L. Data for all schools are listed in table 7.

IDNS has been involved in screening, follow-up and diagnostic measurements at a group of Peoria
schools since February 1989. At that time. IDNS placed 125 EPA charcoal detectors in six schools
for a three-day test. The results ranged from 0.5 to 19.6 pCi/I^ Follow-up tests were conducted by
IDNS using alpha track detectors in 26 student areas that had screening results in excess of 4 pCi/L.

In November 1989 the EPA Office of Research and Development (ORD) proposed a project to
perform diagnostic measurements in schools to develop effective mitigation strategies. EPA Region
V suggested a group of Peoria schools that were tested during the February 1989 study be
considered for the ORD School Diagnostics and Mitigation Strategy Project. IDNS contacted Peoria
School District 150 administration, who agreed to participate. EPA and IDNS representatives
conducted a walk-through audit and made radon diagnostic measurements at the Harrison, Tyng and
Calvin Coolidge schools and determined these schools were suitable for the ORD project.
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In February 1990, the IDNS officially proposed to ORD that the Peoria schools should be
considered for the project. IDNS staff recommended the radon levels in one room of Harrison and
Tyng and three rooms in Calvin Coolidge be reduced to below 4 pCi/1 based upon their three-season
averages. In May 1990, the ORD team performed the diagnostic measurements in Harrison, Tyng
and Calvin Coolidge schools. The team reviewed the diagnostic data and developed a report that
recommends an optimum radon mitigation strategy for each school. The report suggests the radon
problems are caused to some degree by inoperable HVAC systems.

Schools are not yet required by either federal or state law to test for radon. However, IDNS
encourages all schools to conduct screenings for the same reasons home testing is recommended.
Some school districts voluntarily tested for radon, but many others are reluctant to do so for two
reasons. First, while radon screening costs may be relatively low, school officials do not believe
they have sufficient resources to mitigate radon problems if they are discovered. Secondly, since
there are no mandatory protocols for radon testing, school officials are concerned that tests
conducted now may not be valid once mandatory protocols are adopted. Even when voluntary tests
are conducted, school officials are reluctant to disclose results to IDNS. As a result, IDNS has little
information regarding the scope and results of voluntary testing.

RADON IN PUBLIC BUILDINGS AND IN THE WORKPLACE

Very little testing in public buildings and workplaces has been conducted. As with private
residences, commercial properties are being tested for radon when sold, but there is not a significant
effort on the pan of employers to characterize employee workplaces. To our knowledge, the
Occupational Safety and Health Administration has not made radon exposure a high priority
compliance item. More research is needed to determine the nature and extent of radon problems in
commercial and industrial structures.

The Illinois Secretary of State (SOS) is the custodian of many of the state government buildings in
Springfield. IDNS and SOS conducted a screening study of 26 buildings in Springfield in 1989.
The results ranged from 0.3 to 15.2 pCi/L. As a result of this screening, IDNS recommended
follow-up measurements be made at three locations. SOS took follow-up steps at all three locations.
The most interesting mitigation was conducted in the basement of the state capitol. Grab samples in
the electrical shop of the capitol ranged from 13.4 to 21.7 pCi/L. The capitol is a complex structure
with underground passageways and ventilation plenums exposed to soil. Very little fresh air was
being routed to the shop area. In this case, changes in the HVAC system were needed to solve the
radon problem in the shop and bring radon concentration down below 4 pCi/L.

REDUCING RADON EXPOSURE

The objective of the statewide radon program is not only to identify any problems related to radon
exposure, but to provide recommendations for remedial action to reduce radon exposure. Most
IDNS follow-up studies in houses with elevated radon levels involve evaluating causes, as well as
confirming screening measurements. Radon is not only a significant public health issue, but also an
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economic issue. If 31 percent of Illinois residences ultimately prove to have levels greater than 4
pCi/L, this translates to about one million homes. The cost of reducing radon levels could range
from $200 to $2,000 or more per home, meaning a potential cost of $200 million to $2 billion to
Illinois citizens. These cost estimates apply only to private residences and do not include public or
commercial buildings.

The EPA prepared guidelines for reducing radon levels in private residences (U.S. Environmental
Protection Agency, 1987) but many of these techniques are still in the experimental stage. The
selection of an appropriate and cost-effective radon reduction technique requires that the radon entry
routes be well understood. This understanding is accomplished by conducting a visual inspection
which may be accompanied by local diagnostic radon measurements. Measurements usually indicate
whether a simple remediation method will be sufficient or whether several methods need to be
combined to achieve acceptable results.

RADON REDUCTION METHODS

Several radon reduction methods have been used successfully in the United States. One simple
method to prevent radon from seeping into a house is to seal all cracks and openings in basement
floors and walls. Sealing such cracks is often an important preliminary step even when other, more
complex methods are used. Sealing cracks alone may result in only moderate to small reductions in
radon concentrations. The cost of sealing A basement is typically about $500.

Another simple method is to ventilate a basement or crawlspace to replace the radon with fresh air,
which contains radon at lower concentrations. However, an architectural society expressed concern
about the applicability of this technique in the colder midwestem climate since natural ventilation
could cause frozen pipes during the winter. To conserve heat, a ventilation system can be coupled to
an air-to-air heat exchanger to use the heat in the outgoing air to warm the incoming air. Heat
exchange units cost about $1,500 including installation.

In cases where ventilation is impractical or not cost effective, it may be necessary to ventilate below
the slab or ventilate the block wall of a basement area. This method exhausts radon to the outdoors
before it reaches the living space and also helps reduce the pressure differential between the subslab
and the basement. All basement cracks must be well sealed in order for this method to be effective.
A complete system can cost $2,500.

A similar method for exhausting radon to the outdoors, before it reaches the living space, involves
ventilation of drain tiles. Drain tile systems are typically installed to keep water from pooling around
the foundation of a home, but can also be used to remove radon gas from this area. When properly
used, these systems can be very effective. Installation costs in existing homes can cost $1,500.

While it may seem that some of these devices could be installed by the average handyman, IDNS
recommends that homcowners consult with experienced professionals before attempting any radon
mitigation.
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IDNS EXPERIENCE IN RADON MITIGATION EFFORTS

In 1988 IDNS staff completed a remediation project at a home in Schaumburg. At the request of the
village of Schaumburg, IDNS provided technical assistance including evaluation of the radon levels;
diagnosis of the source; and routes of entry and recommendations on a reduction method. Grab
sample measurements indicated that a basement sump and the heating ductwork beneath the slab-on-
grade portion of the house which penetrated the adjacent basement wall were the major entry routes.
Sealing the sump hole and other minor radon entry routes was not effective in reducing the basement
radon levels to below 4 pCi/L. A drain tile ventilation system using the existing drain tile loop and
sump hole was then installed. This active system reduced the radon levels to about 2 pCi/L. Details
of this mitigation effort are reported elsewhere (Hamel, 1988).

At the request of the Illinois Department of Energy and Natural Resources (ENR), IDNS monitored
radon levels and assisted in a remedial action project at the Springfield Energy House. This house
was designed and built by ENR to demonstrate the value of energy efficient building techniques and
features. The features include a super-insulated shell to reduce heat loss and an underground ice
storage cooling system to provide air conditioning in the summer (Illinois Department of Energy and
Natural Resources, 1987). Since it is suspected that homes with low air exchange rates have high
radon levels, the house was screened and found to have high concentrations in localized areas. The
main route of entry for radon was the penetration from the basement to the ice storage unit. Once
this penetration was sealed, an annual follow-up measurement was made. The average general living
area concentration was found to be 3.8 pCi/L.

IDNS is concerned about the availability and reliability of radon mitigation contractors. Currently
there is no requirement for radon mitigation contractors to register with the state, nor is there a
mandatory certification program run by the federal government. IDNS recommends that
homeowners employ contractors who have successfully completed the EPA Radon Contractor
Proficiency Program. This program is available to Illinois contractors through the Midwest
Universities Radon Consortium (MURC). Some radon mitigation work is currently being done by
contractors with previous experience in home renovation and remodeling, but whose education and
experience in radon detection and mitigation techniques are not known.

PUBLIC EDUCATION PROGRAMS

A major objective of the Illinois program has been to inform and educate the public about radon. As
part of this program, IDNS provides basic information about indoor radon and its associated health
risks, together with information about radon monitoring. A total of 30 presentations were given
between January 1989, and July 1990, on general radon awareness. Another 30 presentations were
given in conjunction with the statewide residential radon screening study. These presentations were
designed to train local volunteers to place radon detectors in accordance with IDNS protocols and to
complete the documentation needed for the study. Because the results of the statewide monitoring
program cannot be used to predict radon levels in specific houses, IDNS encourages occupants to
monitor their own houses and to report high results to IDNS.
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In order to facilitate this process, IDNS distributes a list of firms supplying devices that passed the
EPA radon monitoring proficiency test. A variety of additional radon-related instructional materials
have been distributed to the public, including over 15,000 copies of the "Citizens Guide to Radon"
(1986 edition) prepared by the EPA and reprinted by IDNS.

Information available about radon mitigation is not as valuable. There it a lack of qualified radon
mitigation contractors and a lack of methods for evaluating which contractors are qualified. At the
federal level, the EPA has started a radon contractor proficiency program, but participation is
voluntary and therefore limited. There is no contractor training or certification program in Illinois,
nor any requirement for follow-up measurements. IDNS has received citizen complaints against
contractors, but the department does not have any regulatory authority over radon mitigation
contractors. Both specific regulatory authority and the resources to provide training to contractors
would provide significant consumer protection and increase public confidence in the program.

From July 1986, to February 1988, the department funded and staffed a toll-free radon information
"hotline" to provide information on radon to Illinois citizens, During this period, an average of 500
calls per month were received. Funding and staffing were suspended for this program in 1988 but
resumed in August 1990.

In March 1987, the department sponsored a conference on radon, radium and environmental
radioactivity. One full day was devoted to talks on radon in homes, radon risk evaluation, geological
considerations, monitoring procedures and mitigation techniques. The conference was designed for
Illinois citizens, public health agencies and environmental groups, and was attended by about 500
people.

County and other local government agencies have expressed interest in assisting with public
education, but have limited resources to conduct large scale programs. IDNS supplies these agencies
with speakers, technical advice and printed information for distribution by their offices.

ILLINOIS LEGISLATION

Two key pieces of radon-related legislation were passed during 1989. The Radon Mitigation Act
authorizes the IDNS to establish and coordinate a comprehensive program for detecting and reducing
the amount of radon in homes and other buildings in Illinois. The act exempts radon results obtained
by IDNS from disclosure requirements of the Freedom of Information Act. This is an important step
forward allowing IDNS staff to continue radon studies while protecting the participants' property
values. The bill also enabled IDNS to secure independent general revenue funding from the Illinois
General Assembly for radon related projects.

House Bill 1611, "An Act in Relation to Radon Testing", authorizes IDNS to establish a registration
program for persons selling any device or performing any service for compensation to detect radon
or its decay products. The program is intended to regulate those who place passive detectors in
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structures or who perform measurements using working level monitors, grab samplers and other
active methods. Rules for implementation of this program (32 Illinois Administrative Code 420)
were published in the Illinois Register on November 30,1990. IDNS estimates there will be 300
registrants in this program.

IDNS SPONSORED TRAINING

In anticipation of the implementation of these rules, IDNS and the MURC co-sponsored three
training sessions on radon measurements for potential registrants. The sessions were held in Mt.
Vernon, Bloomington and Des Plaines during the week of April 9,1990. A total of 110 people
attended, but the sessions were overbooked by a considerable margin. IDNS plans to repeat the
sessions as soon as the rules are final.

EPA GRANT

On May 1,1990, IDNS was awarded a grant under the State Indoor Radon Grants program
administered by the EPA. Under the provisions of the grant, IDNS will undertake a greater number
of projects than it would using only state funding. Some of these projects include panicipating in the
EP A/state screening program; providing a limited number of free radon detectors to low income
school districts identified by the state Board of Education; coordinating a school mitigation
demonstration project; and conducting a study of Illinois building codes as they relate to radon
resistant new construction.
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CONCLUSIONS

1. IDNS has performed radon screening measurements in approximately 4,100 homes in 98
counties. Results indicate about 31 percent of all homes tested have radon levels greater than the
EPA standard of 4 picocuries per liter. The screening program identified certain areas in Illinois
with significant percentages of homes with screening results in excess of the standard that merit
additional study.

2. Schools are not yet required to conduct radon testing. IDNS has little information regarding the
scope and results of voluntary testing, but is concerned that the uncertainties regarding costs of
mitigation and testing are forcing school officials to postpone testing until it is mandatory.

3. IDNS is providing a wide variety of educational informadon in response to public inquiries. This
effort is, for the most pan, a reactive effort and therefore limited in scope. Although radon has
received considerable publicity, most members of the public still need basic information about
radon. News reports and public service announcements provided by the media have been either
misleading or ineffective.

4. The registration and training of persons performing radon measurement services are good initial
steps toward assuring consumer confidence in radon services in Illinois. Radon mitigation
services are still not covered under the program.

5. Radon reduction in homes is still primarily a post-construction activity in Illinois. There is no
significant effort on the part of builders or architects to incorporate radon resistant features in new
construction.

6. Radon measurements made for the purpose of satisfying provisions of a real estate contract are not
being conducted according to any specific protocols or quality assurance guidelines. This causes
considerable difficulty for homeowners whose transactions depend on accurate results.
Erroneous results may cause delays in the transaction, or may force a homeowner to install costly
mitigation equipment where it is not needed.
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RECOMMENDATIONS

1. Complete the radon screening of all Illinois counties. Four counties remain to be screened before
the project is considered complete.

2. Conduct follow-up studies in neighborhoods where local clusters of homes with potential radon
problems are suspected. This would help to identify localized areas where the geological
conditions could be studied.

3. Encourage and support voluntary testing by schools. This could be done by conducting
briefings for school administrators, conducting mitigation demonstration projects and by
providing free detectors to a limited number of low-income school districts.

4. Continue to develop more active approaches to public education. This might include providing
radon information to large numbers of schools and libraries. More effort is needed to educate the
media as well. IDNS staff should continue to respond by sending radon information to members
of the media and by making department representatives available for interviews.

5. Develop and implement a certification program for persons or companies who perform radon
mitigation services. Although EPA conducts a voluntary program, Illinois has no mechanism for
formally recognizing participation in the program. In conjunction, IDNS should continue to
develop and conduct training programs for those who offer mitigation services as well as
measurement services.

6. Evaluate the need for changes in building codes in Illinois, since the construction of radon
resistant structures is the only long term solution to the indoor radon problem. Illinois should
follow the lead of states in the eastern U.S. that have adopted radon resistant features in building
codes.

7. Work with EPA and with the Illinois Association of Realtors to arrive at a consensus regarding
protocols and quality assurance associated with radon measurements made for real estate
transactions.
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Figure 1
OUTDOOR RADON LEVELS VS. TIME
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RADON DECAY PRODUCTS VS. TIME IN THE BASEMENT
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Figure 7
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Table 1

SUMMER BASEMENT RESULTS
RADON CONCENTRATIONS IN pCi/L

House Charcoal Alpha Track
Number 4 Days 3 Months

1 2.4 3.1
2 7.2 4.9
3 1.0 2.4
4 1.3 1.5
5 1.0 1.3
6 4.1 1.9
7 1.5 1.0
8 10.8 8.3
9 2.1 1.4

10 4.0 3.5
11 3.7 3.4
12 2.5 3.2
13 1.0 1.0
14 3.0 1.5
15 1.6 1.4
16 2.0 1.2
17 15.3 7.7
18 0.9 3.8
19 3.8 5.9
20 0.6 1.1
21 1.2 2.3
22 4.7 4.4
23 5.8 4.2
24 1.8 3.1
25 1.0 0.8

29



C3/2S 'S3 CS:4- IE:KERR-rCGEE OEriCPL-UCHG FfiX:7Ci-231-399( FPGE 16

Table 2
SUMMARY OF ILLINOIS RADON SCREENING RESULTS BY SEASON

Basement
First Floor Bedroom
First Floor Living Area

Tout

Basement
First Floor Bedroom
First Floor Living Area
Other

Total

Basement
First ROOT Bedroom
First Floor Living Area
Tool

Basement
First Floor Bedroom
First Floor Living Area
Other

Total

*
130
36
55

221

*
995
213
171
24

1403

#
136
49
16

201

#
1659
352
225
2

2238

Min
0.7
1.2
0.5
0.5

Min
0.3
0.3
0.2
0.6
0.2

Min
0.8
0.7
0.8
0.7

Min
0.1
0.3

0.09
3

0.09

Avg
5.2
2.2
2.2
4.0

Avg
4.1
2.1
1.6
2.3
3.4

Avg
5.2
1.9
3.6
4.3

Avg
4.7
2.6
2.4
3.0
42

Fall
Max
28.1
3.4
5.5

28.1

Spring
Max
55.1
19.3
13.7
12.2
55.1

Summer
Max
22.4
3.9
23.2
23.2

Winter
Max
75.6
12.5
18
3

75.6

#>4
55
0
4

59

*>4
339
19
11
3

372

<r>4
68
0
3

71

tf>4
670
62
29
0

761

%>4
42
0
7

27

%>4
34
9
6
12
27

%>4
50
0
19
35

%>4
40
18
13
0

34

tt>20
4
0
0
4

#>20
12
0
0
0

12

tf>20
1
0
1
2

#>20
26
0
0
0

26

%>20
3
0
0
2

%>20
1
0
0
0
1

%>20
1
0
6
1

%>20
2
0
0
0
1

30



Table 3

SUMMARY OF ILLINOIS RADON SCREENING RESULTS BY LIVING AREA

Min Avg Max #>4 %>4 #>20 %>20
Living Area Number Result Result Result pCl/L p£i/L pCVL

Basement 2920 0.1 4.6 75.6 1132 39 43 1
First Floor Bedroom 650 0.3 2.3 19.3 81 12 00
First Floor Living Area 467 0.09 2.1 23.2 47 10 1 0
Other 2 6 0 . 6 2 . 3 12.2 3 1 2 0 0

Total 4063 0.09 3.9 75.6 1263 31 44 1
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Table 4
SUMMARY OF ILLINOIS SCREENING RESULTS BY COUNTY

Adams County

Base mem
First Floor Bedroom
First Floor Living Area
Other
Total

Number
24
19
20
2

65

Min
Result
0.5
0.5
0.5
0.6
0.5

Avg
Result

4.1
2.4
1,9
0.6
2.8

Max
Result
10.9
13.6
10.1
0.6
13.6

«>4
pCi/L

11
2
1
0
14

%>4
pCi/L

46
11
5
0

22

#>20
pCi/L

0
0
0
0
0

%>20
pCi/L

0
0
0
0
0

Alexander County

Bascmcni
First Floor Bedroom
First Floor Living Area
Toial

Number
n
5
3

25

Min
Result

1.4
1.6
0.5
0.5

Avg
Result

3.5
2.1
1.6
3.0

Max
Result

S.6
2.9
3.3
5.6

*>4
pCi/L

6
0
0
6

%>4
pCi/L

35
0
0

24

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Bond County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
13
10
4
27

Min
Result

0.5
0.4
0.6
0.4

Avg
Result

2.4
1.7
2.6
2.2

Max
Resuli
6.2
5.9
5.8
6.2

#>4
pCi/L

3
1
1
5

*>4
pCi/L

23
10
25
19

#>20
pCiA-

0
0
0
0

%>20
pCi/L

0
0
0
0

Boone County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
51
1
2
54

Min
Result

1.2
3.4
3.6
1.2

Avg
Result

S.I
3.4
4.2
5.0

Max
Result
13.3
3.4
4.8
13.3

«>4
pCi/L

31
0
1

32

%>4
pCi/L

61
0
SO
59

«>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

32



Table 4 (cont 'd)
Brown County

Basement
First Floor Bedroom
First Floor Living Area
Other
Total

Number
19
9
1
6

35

Min
Result

0.6
0.6
0.8
0.8
0.6

Avg
Result

5.8
1.5
0.8
1.9
3.9

Max
Result
55.1
4.4
0.8
3.5

55.1

#>4
pCi/L

6
1
0
0
7

%>4
pCi/L

32
11
0
0

20

#>20
pCi/L

1
0
0
0

1

%>20
pCi/L

5
0
0
0
3

Bureau County

Basement
First Floor Bedroom
Total

Number
22

1

23

Min
Result

1
0.5

0.5

Avg
Result

3.1
0.5

3.0

Max
Result

7
0.5
7

#>4
pCi/L

5
0

5

%>4
pCi/L

23
0

22

#>20
pCi/L

0
0
0

%>20
pCi/L

0
0

0

Calhoun County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
22
4
3

29

Min
Result

1.3
1.3
1.3
1.3

Avg
Result

3.7
3.9
1.8

3.6

Max
Result
10.8
5.5
2.9

10.8

#>4
pCi/L

6
2
0

8

%>4
pCi/L

27
50
0

28

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

Carroll County

Basement
First Floor Living Area
Other
Total

Number
25
2
1

28

Min
Result

1
0.7
3.7
0.7

Avg
Result

5.5
1.1
3.7
5.1

Max
Result
25.4
1.5
3.7

25.4

#>4
pCi/L

12
0
0
12

%>4
pCi/L

48
0
0

43

#>20
pCi/L

1
0
0
1

%>20
pCi/L

4
0
0
4

Cass County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
24
1
3

28

Min
Result

1.8
1.4
2.2
1.4

Avg
Result

5.6
1.4
3.0
5.2

Max
Result
11.3
1.4
4

11.3

#>4
pCi/L

18
0
0
18

%>4
pCi/L

75
0
0

64

#>20
pCi/L

0
0
0

0

%>20
pCi/L

0
0
0

0

33
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Table 4 (cont'd)
Champaign County

Basement
First Floor Bedroom
Toial

Number
16
17
33

Min
Result

1.6
1.2
1.2

Avg
Result

5.9
4.1
S.O

Max
Result

17.6
8

17.6

«>4
pCi/L

8
8
16

%>4
pCi/L

50
47
48

*>20
pCi/L

0
0
0

%>20
pCi/L

0
0
0

Christian County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
32
n
1

SO

Min
Result

1.8
0.6
8.7
0.6

Avg
Result

S.8
2.4
8.7
4.7

Max
Result

15.5
6.1
8.7

15.5

*>4
pCi/L

21
1
1

23

%>4
pCi/L

66
6

100
46

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Clark County

Basement
First Floor Bedroom
Hirst Floor Living Area
Total

Number
13
9
3

25

Min
Result
0.8
0.6
0.5
0.5

Avg
Result

3.3
1.0
0.6
2.1

Max
Result

8.4
3.3
0.8
8.4

«>4
pCi/L

A
0
0
4

%>4
pCl/L

31
0
0
16

*>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Clay County

Basement
Firsl Floor Bedroom
Other
Total

Number
16
6
1

23

Min
Result

0.6
0.5
1.9
O.S

Avg
Result

2.7
1.7
1.9
2.4

Max
Result

5.7
5.6
1.9
5.7

«>4
pCi/L

5
1
0
6

%>4
pCi/L

31
17
0

26

*>20
pCi/L

0
0
0
0

*»20
pCi/L

0
0
0
0

Coles County

Basement
First Floor Bedroom
Total

Number
35
1

36

Min
Result

0.6
0.8
0.6

Avg
Result

3.7
0.8
3.7

Max
Result

18.5
0.8

18.5

«>4
pO/L

12
0
12

%>4
pCi/L

34
0
33

*>20
pCi/L

0
0
0

%>20
pCi/L

0
0
0

34



Table 4 (cont'd)
Cook County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
212
6

43

261

Min
Result

0.6
1

0.5
0.5

Avg
Result

2.9
2.1
2.3
2.8

Max
Result
11.6

3
5.8

11.6

#>4
pCi/L

40
0
4

44

%>4
pCi/L

19
0
9
17

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

Crawford County

Basement
First Floor Bedroom
First Floor Living Area
Other
Total

Number
16
9
4
1

30

Min
Result

0.6
0.6
0.7
0.8

0.6

Avg
Result

2.1
0.9
0.8
0.8

1.5

Max
Result

9.7
1.7
0.8
0.8
9.7

#>4
pCi/L

1
0
0
0
1

%>4
pCi/L

6
0
0
0
3

#>20
pCi/L

0
0
0
0

0

%>20
pCi/L

0
0
0
0

0

Cumberland County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
20
8
7

35

Min
Result

0.8
0.8
0.8
0.8

Avg
Result

2.1
1.6
1.0
1.8

Max
Result

4.8
3.4
1.6
4.8

#>4
pCi/L

1
0
0
1

%>4
pCi/L

5
0
0
3

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

DeKalb County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
49
4
3

56

Min
Result

1.2
1.7
1.7
1.2

Avg
Result

4.5
3.9
2.0
4.3

Max
Result
18.9
7.1
2.5
18.9

#>4
pCi/L

22
1
0
23

%>4
pCi/L

45
25
0

41

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

DeWitt County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
22
2
5

29

Min
Result

1.4
1.1
0.8
0.8

Avg
Result

8.8
2.5
1.3
7.0

Max
Result
75.6
3.9
1.6

75.6

#>4
pCi/L

15
0
0
15

%>4
pCi/L

68
0
0

52

#>20
pCi/L

1
0
0
1

%>20
pCi/L

5
0
0
3

35
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Table 4 (cont'd)
DuPage County

Basement
First Floor Bedroom
First Floor Living Area
Toul

Number
134
13
19
166

Min
Result

0.5
1.1
0.8
0.5

Avg
Result

4.8
3.1
2.4
4.4

Max
Result
64.5
5.4
6.4

64.5

*>4
pCi/L

47
3
1

51

pCi/L
35
23
5

31

#>20
pCi/L

3
0
0
3

pCi/L
2
0
0
2

Edgar County

Basement
First Floor Bedroom
Total

Number
21
10
31

Min
Result

0.9
0.8
0.8

Avg
Result

3.5
1.9
3.0

Max
Result
14.3

5
14.3

*>4
pCi/L

7
1
8

pCi/L
33
10
26

«>20
pCi/L

0
0
0

%>20
pCi/L

0
0
0

Edwards County

Basement
First Floor Bedroom
Toul

Number
22
1

29

Min
Result
0.7
0.8
0.7

Avg
Result

2.7
0.9
2.3

Max
Result
17.8
1.2

17.8

pCi/L
3
0
3

pCi/L
14
0
10

*>20
pCl/L

0
0
0

*>20
pCi/L

0
0
0

Effingham County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
19
4
14
37

Min
Result
0.7
0.9
0.5
0.5

Avg
Result

5.4
1.1
1.5
3.5

Mix
Result
19.3
1.2
3.8
19.3

pCi/L
9
0
0
9

pCi/L
47
0
0

24

«>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Fayette County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
28
11
1

40

Min
Result

0.9
0.9
2.2
0.9

Avg
Result

3.0
2.8
2.2
2.9

Max
Result

8.4
7.1
2.2
8.4

pCi/L
6
2
0
8

<X»4
pCi/L

21
IB
0
20

«>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0



Table 4 (cont'd)
Ford County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
17
8
4
29

Min
Result

0.1
0.8
0.8
0.1

Avg
Result

3.7
2.7
2.1

3.2

Max
Result

9.1
4.5
5.1

9.1

#>4
pCi/L

7
2
1

10

pCi/L
41
25
25
34

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

Franklin County

Basement
First Floor Bedroom
First Floor Living Area

Toial

Number
15
11
8

34

Min
Result

0.7
0.7
0.8
0.7

Avg
Result

2.8
1.7
0.9
2.0

Max
Result

5.2
5.7
1.1
5.7

#>4
pCi/L

5
1
0

6

pCi/L
33
9
0
18

#>20
pCi/L

0
0
0

0

%>20
pCi/L

0
0
0
0

Fulton County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
14
14
6

34

Min
Result

1
0.9
1.4

0.9

Avg
Result

4.9
2.2
4.2

3.7

Max
Result
18.1
4.7
10.3
18.1

#>4
pCi/L

3
3
2
8

pCi/L
21
21
33
24

#>20
pCiyL

0
0
0
0

%>20
pCi/L

0
0
0

0

Gallatin County

First Floor Bedroom
Total

Number
31
31

Min
Result

0.9
0.9

Avg
Result

2.4

2.4

Max
Result

6
6

#>4
pCi/L

4

4

pCi/L
13
13

#>20
pCi/L

0
0

%>20
pCi/L

0
0

Greene County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
8
3
2
13

Min
Result

1
1.1
0.4

0.4

Avg
Result

5.2
2.4
0.6
3.8

Max
Result
16.3
3.6
0.7
16.3

#>4
pCi/L

4
0
0
4

pCi/L
50
0
0

31

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

37
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Table 4 (cont'd)
Hamilton County

Basement
First Roor Bedroom
First Floor Living Area
Total

Number
14
10
6

30

Min
Result
0.7
0.8
0.8
0.7

Avg
Result

3.4
2.6
1.1
2.7

MAX
Result

8.2
5.5
1.6
8.2

«>4
pCi/L

5
2
0
7

%>4
pCi/L

36
20
0

23

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Hardin County

Basement
First Floor Bedroom
Ftrsi Floor Living Area
Total

Number
23
2
5

30

Min
Result

1.7
0.9
2.2
0.9

Avg
Result

4.8
2.1
3.0
4.3

Max
Result
13.5
3.2
4.4
13.5

«>4
pCi/L

9
0
1

10

%>4
pCi/L

39
U

20
33

*>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Henderson County

Basement
First Fioor Bedroom
Firsi Roor Living Area
Total

Number
5
2
18
25

Min
Result

1
3.1
0.7
0.7

Avg
Result

3.0
3.5
1.2
1.7

Max
Result
4,6
3.8
2.6
4.6

#>4
pCi/L

2
0
0
2

%>4
pCi/L

40
0
0
8

«>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Henry County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
37
2
1

40

Min
Result

I
6.9
2.8
1

Avg
Result

7.1
8.1
2.8
7.1

Max
Result
25.4
9.3
2.8

25.4

*>4
pCi/L

27
2
0

29

%>4
pCi/L

73
100
0

72

«>20
pCi/L

1
0
0
2

%>20
pCi/L

5
0
0
5

Iroquois County

Basement
First Roor Bedroom
First Floor Living Area
Total

Number
23
5
2
30

Min
Result

0.7
0.7
0.4
0.4

Avg
Result

3.4
1.2
0.6
2.9

Max
Result
16.9
1.7
0.8
16.9

#>4
pCi/L

4
0
0
4

%>4
pCi/L

17
0
0
13

*>20
pCl/L

0
0
0
0

%>20
pCi/L

0
0
0
0

38



Table 4 (cont 'd)
Jackson County

Basement
First Floor Bedroom
First Floor Living Area
Other

Total

Number
14
7
12
2

35

Min
Result

0.3
0.5

0.09
3

0.09

Avg
Result

1.9
0.8
1.6
3.0
1.6

Max
Result

4.3
1.9
6.6
3

6.6

#>4
pCi/L

1
0
1
0

2

%>4
pCi/L

7
0
8
0

6

#>20
pCi/L

0
0
0
0
0

%>20
pCi/L

0
0
0
0
0

Jasper County

Basement
First Floor Bedroom
Other
Total

Number
22
7
1

30

Min
Result

0.4
0.5
2

0.4

Avg
Result

1.7
0.8
2.0
1.5

Max
Result

7
1.5
2
7

#>4
pCi/L

2
0
0
2

%>4
pCi/L

9
0
0
7

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Jefferson County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
19
10
4

33

Min
Result

0.7
0.3
0.7

0.3

Avg
Result

1.9
1.4
1.5

1.7

Max
Result

7.4
5.8
2.9

7.4

#>4
pCi/L

2
1
0
3

%>4
pCi/L

11
10
0
9

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

Jersey County

Basement
First Floor Living Area
Total

Number
6
2
8

Min
Result

2
0.2

0.2

Avg
Result

3.3
1.6
2.8

Max
Result

8.1
2.9
8.1

#>4
pCi/L

1
0
1

%>4
pCi/L

17
0
12

#>20
pCi/L

0
0

0

%>20
pCi/L

0
0

0

Jo Daviess County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
12
2
8

22

Min
Result

1
0.6
0.8
0.6

Avg
Result

8.8
0.6
5.4
6.8

Max
Result
37.5
0.6
18

37.5

#>4
pCi/L

6
0
3
9

%>4
pCi/L

50
0

38
41

#>20
pCi/L

2
0
0
2

%>20
pCi/L

17
0
0
9

39
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Table 4 (cont'd)
Johnson County

Basement
Firsi Floor Bedroom
Firsi Floor Living Area
Toul

Number
11
2
15
28

Min
Result

1.2
2.4
0.6
0.6

Avg
Result

3.2
2.5
1.5
2.2

Max
Result

5.6
2.5
2.6
5.6

t>4
pCi/L

3
0
0
3

pCi/L
27
0
0
11

*>20
pCi/L

0
0
0
0

%>20
pCiA-

0
0
0
0

Kane County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
58
3
10
71

Min
Result

0.6
1

0.9
0.6

Avg
Remit

6.0
3.8
3.1
5.5

Max
Result
34.4
6.8
5.7

34.4

pCi/L
30
1
3

34

pCi/i.
52
33
30
48

*>20
pCi/L

1
0
0
1

%>20
pCi/L

2
0
0
1

Kankakee County

Basement
First Floor Bedroom
First Floor Living Area
Other
Total

Number
26
7
1
1

35

Min
Remit

0.3
0.6
0.9
0.6
0.3

Avg
Result

3.1
1.9
0.9
0.6
2.7

Max
Result
16.8
5.7
0.9
0.6
16.8

*>4
pCi/L

8
1
0
0
9

pCi/L
31
14
0
0

26

tf>20
pCi/L

0
0
0
0
0

%>20
pCi/L

0
0
0
0
0

Kendall County

Basement
First Roor Bedroom
Total

Number
25
2

27

Min
Result

1
1.6
1

Avg
Result

6.2
2.3
6.0

Max
Result
19.1
3

19.1

pCi/L
16
0
16

pCi/L
64
0
59

pCi/L
0
0
0

%>20
pCi/L

0
0
0

Knox County

Basement
Firsi Floor Bedroom
First Roor Living Area
Other
Total

Number
52
1
3
1

57

Min
Result

0.9
19.3
2.4
12.2
0.9

Avg
Result

3.5
19.3
7.2
12.2
5.9

Max
Result
21.1
19.3
13.7
12.2
21.1

t>4
pCi/L

32
1
2
1

36

pCi/L
62
100
67
100
63

*>20
pCi/L

1
0
0
0
1

%>20
pCi/L

2
0
0
0
2

40



Table 4 (cont'd)
Lake County

Basement
First Floor Bedroom
First Floor Living Area

Total

Basement
First Floor Bedroom

Total

Basement
First Floor Bedroom
First Floor Living Area

Total

Basement
Other
Total

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
79
10
1

90

Number
30
1

31

Number
1
2

26

29

Number
33
1

34

Number
26
3
2

31

Min
Result

0.4
0.5
0.5
0.4

Min
Result

1
0.3
0.3

Min
Result

3.4
0.8
0.6

0.6

Min
Result

0.4
1.8
0.4

Min
Result

1.5
3.5
4.5
1.5

Avg Max
Result Result

2.3 9.6
1.9 8.9
0.5 0.5

2.3 9.6

LaSalle County
Avg Max

Result Result
5.0 15.5
0.3 0.3
4.8 15.5

Lawrence County
Avg Max

Result Result
3.4 3.4
1.2 1.6
1.0 5.1
1.1 5.1

Lee County
Avg Max

Result Result
3.4 15
1.8 1.8

3.4 15

Livingston County
Avg Max

Result Result
7.0 39.8
6.5 12.5
5.0 5.4
6.8 39.8

#>4
pCi/L

11
1
0

12

#>4
pCi/L

13
0

13

#>4
pCi/L

0
0
1
1

#>4
pCi/L

8
0
8

#>4
pCi/L

18
1
2

21

pCi/L
14
10
0

13

pCi/L
43
0

42

pCi/L
0
0
4

3

pCi/L
24
0

24

pCi/L
69
33
100
68

pCi/L
0
0
0

0

#>20
pCi/L

0
0

0

#>20
pCi/L

0
0
0

0

#>20
pCi/L

0
0
0

#>20
pCi/L

1
0
0
1

%>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0

0

%>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0

0

%>20
pCi/L

4
0
0
3

41
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Table 4 (cont'd)
Logan County

Basement
First ROOT Bedroom
Firsi Floor Living Area
Total

Number
38
14
5

57

Min
Result

IS.
0.8
0.8
0.8

Avg
Result

6.2
2.3
3.0
5.0

Max
Result
19.2
3.9
4.8
19.2

tf>4
pCi/L

24
0
2

26

%>4
pCi/L

63
0

40
46

»>20
pCi/L

0
0
0
0

*>20
pCi/L

0
0
0
0

Macon County

Basement
First Floor Bedroom
First Floor Living Area
Other
Total

Number
47
n
10
2

71

Min
Result
0.5
0.6
0.5
0.9
0.5

Avg
Result

3.8
1.8
1.8
1.0
3.1

Max
Result
15.7
3.1
5.5
1

15.7

#>4
pcyL

14
0
1
0
15

%>4
pCi/L

30
0
10
0

21

#>20
pCi/L

0
0
0
0
0

4»20
pCi/L

0
0
0
0
0

Macoupin County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
g
1
19
29

Min
Result
0.9
1

0.8
0.8

Avg
Result

2.9
2.9
1.8
2.2

M(u
Result

7.5
4.8
6.8
7.5

N>4
pCi/L

2
1
2
5

%>4
pCi/L

25
50
n
17

«>20
pCiyL

0
0
0
0

%>20
pCi/L

0
0
0
0

Madison County

Basement
First Floor Bedroom
Other
Total

Number
61
3
1

65

Min
Result

0.5
1.1
0.9
0.5

Avg
Remit

2.7
1.5
0.9
2.6

Max
Result
34.2
1.9
0.9

34.2

»>4
pCi/L

7
0
0

7

%>4
pCi/L

11
0
0
11

«>20
pCi/L

1
0
0
1

%>20
pCi/L

2
0
0
2

Marion County

Basemeni
First Floor Bedroom
First Floor Living Area
Toul

Number
20
8
3

31

Min
Result
0.6
0.5
0.5
0.5

Avg
Result

1.9
0.7
0.6
1.5

Max
Result

4.6
1.4
0.9
4.6

*>4
pCi/L

3
0
0
3

%>4
pCi/L

15
0
0
10

*>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

42



Table 4 (cont'd)
Marshall County

Basement
First Floor Bedroom

Total

Number
22
4

26

Min
Result

0.9
0.8
0.8

Avg
Result

6.8
1.5

6.0

Max
Result
23.4
3.4

23.4

#>4
pCi/L

9
0
9

%>4
pCi/L

41
0

35

#>20
pCi/L

3
0
3

%>20
pCi/L

14
0

12

Mason County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
23
4
2

29

Min
Result

1.8
1.7
1.6
1.6

Avg
Result

6.8
2.8
2.0
5.9

Max
Result
20.8
4.7
2.3

20.8

#>4
pCi/L

16
1
0
17

%>4
pCi/L

70
25
0

59

#>20
pCi/L

1
0
0
1

%>20
pCi/L

4
0
0

3

Massac County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
10
3
13
26

Min
Result

2.6
1.2
1.3
1.2

Avg
Result

7.9
1.7
2.6
4.5

Max
Result
28.1
2.2
4.4

28.1

#>4
pCi/L

5
0
1
6

%>4
pCi/L

50
0
8

23

#>20
pCi/L

1
0
0
1

%>20
pCi/L

10
0
0
4

McDonough County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
51
12
4
67

Min
Result

0.4
0.6
0.4
0.4

Avg
Result

5.2
2.4
1.6
4.5

Max
Result
17.8

8
3.8
17.8

#>4
pCi/L

25
2
0

27

%>4
pCi/L

49
17
0

40

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

McHemy County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
65
8
3

76

Min
Result

0.6
0.5
3.2
0.5

Avg
Result

4.4
2.4
8.1
4.3

Max
Result
23.6
3.9
13.2
23.6

#>4
pCi/L

20
0
2

22

%>4
pCi/L

31
0

67
29

#>20
pCi/L

1
0
0
1

%>20
pCi/L

2
0
0
1

43
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Table 4 (cont'd)
McLean County

Basement
First Roor Bedroom
First Floor Living Area
Total

Number
49
6
3

58

Min
Result
0.2
0.8
3.1
0.2

Avg
Result

5.8
5.1
4.4
5.7

Max
Result
23.2
11.2
6.4

23.2

fl>4
pCi/L

28
3
1

32

pCi/L
57
50
33
55

pCi/L
2
0
0
2

%>20
pCi/L

4
0
0
3

Menard County

Basement
First Roor Bedroom
First Floor Living Area
Total

Number
20
9
1

30

Min
Result
0.8
0.8
0.9
0.8

Avg
Result

6.7
1.4
0.9
4.9

Max
Result

20
3.5
0.9
20

pCi/L
13
0
0
13

pCi/L
65
0
0

43

»>20
pCi/L

0
0
0
0

*»20
pCi/L

0
0
0
0

Mercer County

Basement
First Roor Living Area
Total

Number
25
3

28

Min
Result

2.2
1.6
1.6

Avg
Result

9.2
3.3
8.5

Max
Result
23.1
5.5

23.1

t>4
pCi/L

17
1

IB

pCi/L
68
33
64

«>20
pCi/L

3
0
3

*»20
pCi/L

12
0

11

Monroe County

Basement
Firsi Floor Bedroom
First Floor Living Are*
Toul

Number
26
1
i

28

Min
Result

1.3
3.5
2.4
1.3

Avg
Result

5.4
3.5
2.4
5.2

Max
Result
15.4
3.5
2.4
15.4

t>4
pO/L

12
0
0
12

pCi/L
46
0
0

43

tt>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Montgomery County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
22
12
1

35

Min
Result
0.3
0.3
1.2
0.3

Avg
Result

4.2
1.5
1.2
3.2

Max
Result
16.9

6
1.2
16.9

#>4
pCi/L

9
1
0
10

pCi/L
41
8
0

29

»>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

44



Table 4 (cont'd)
Morgan County

Basement
First Floor Bedroom
First Floor Living Area

Toial

Number
41
17
1

59

Min
Result

2.2
1.2
2.7
1.2

Avg
Result

7.1
6.4
2.7

6.8

Max
Result
14.6
19.2
2.7
19.2

#>4
pCi/L

32
7
0
39

%>4
pCi/L

78
41
0

66

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

Moultrie County

Basement
First Floor Bedroom
First Floor Living Area

Touil

Number
14
13
3

30

Min
Result

0.5
0.5
0.8
0.5

Avg
Result

3.4
2.1
1.7

2.6

Max
Result

11
10.8
2.9
11

#>4
pCi/L

5
1
0
6

%>4
pCi/L

36
8
0

20

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

Ogle County

Basement
First Floor Living Area
Total

Number
28
1

29

Min
Result
0.6
1.2
0.6

Avg
Result

3.9
1.2
3.9

Max
Result
16.8
1.2

16.8

#>4
pCi/L

10
0
10

%>4
pCi/L

36
0

34

#>20
pCi/L

0
0
0

%>20
pCi/L

0
0
0

Peoria County

Basement
First Floor Bedroom
First Floor Living Area
Other
Total

Number
46
4
3
2

55

Min
Result

0.7
1.1
1.5
2.3
0.7

Avg
Result

5.6
1.9
2.1
2.6
5.0

Max
Result
22.4
3.3
2.8
2.8

22.4

#>4
pCi/L

23
0
0
0
23

%>4
pCi/L

50
0
0
0

42

#>20
pCi/L

1
0
0
0
1

%>20
pCi/L

2
0
0
0
2

Perry County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
21
10
4

35

Min
Result

0.9
0.8
0.9
0.8

Avg
Result

2.1
1.3
1.1
1.8

Max
Result
4.2
2.2
1.5
4.2

#>4
pCi/L

1
0
0
1

%>4
pCi/L

5
0
0
3

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

45
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Table 4 (cont'd)
Piatt County

Bnsemeni
First Floor Bedroom
Firsi Floor Living Area
Total

Number
16
1

18
35

Min
Result
0.8
1.3
0.9
0.8

Avg
Result

4.4
1.3
2.2
3.2

Max
Result
17.9
1.3
5.3

17.9

*>4
pCi/L

5
0
2
7

%>4
pCi/L

31
0
11
20

«>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Pike County

Basement
First Floor Bedroom
Firsi Floor Living Area

Total

Number
25
2
3

30

Min
Result
0.9
0.9
0.9
0.9

Avg
Result

5.3
l.t
5.3
5.0

Max
Result
15.9
1.2
10

15.9

«>4
pCi/L

12
0
2
14

%>4
pCi/L

48
0

67
47

*>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Pope County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
17
3
10
30

Min
Result

1.2
1.5
1.6
1.2

Avg
Result

4.7
2.2
2.5

3.8

Mm
Result
17.6
3.4
4.8
17.6

«>4
pCi/L

8
0
1
9

%>4
pCi/L

47
0
10
30

#>20
pCUL

0
0
0
0

%>20
pCi/L

0
0
0
0

Pulaski County

Basement
First Floor Bedroom
First Floor Living Are*
Toial

Number
6
16
5

27

Min
Result

1.9
1.4
1.5
1.4

Avg
Result

2.9
2.3
1.7
2.3

Max
Result

4
3.2
2.1
4

N>4
pCVL

0
0
0
0

%>4
pCi/L

0
0
0
0

«>20
pCifl-

0
0
0
0

%>20
pCi/L

0
0
0
0

Putnam County

Basement
First Floor Bedroom
First Floor Living Area
Other
Total

Number
18
5
2
1

26

Min
Result
0.8
0.9
0.4
0.7
0.4

Avg
Result

5.7
1.9
1.9
0.7
4.5

Max
Result
43.8
4.3
3.3
0.7

43.8

*>4
pCi/L

6
1
0
0
7

%>4
pCi/L

33
20
0
0

27

«>20
pCi/L

1
0
0
0
1

%>20
pCi/L

6
0
0
0
4



Table 4 (cont'd)
Randolph County

Basement
First Floor Bedroom
First Floor Living Area

Total

Basement
First Floor Bedroom
Total

Basement
First Floor Bedroom
First Floor Living Area
Other
Total

Basement
First Floor Bedroom
First Floor Living Area

Total

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
16
8
12
36

Number
22
7

29

Number
63
1
1
1

66

Number
8
14
8

30

Number
72
23
8

103

Min
Result

0.5
0.7
0.5

0.5

Min
Result

0.8
0.9

0.8

Min
Result

0.5
2.1
3.5
0.6
0.5

Min
Result

0.4
0.4
0.4
0.4

Min
Result

1.2
0.9
0.9
0.9

Avg Max
Result Result

2.1 4.7
2.0 4.8
1.2 4.4

1.8 4.8

Richland County
Avg Max

Result Result
2.3 5.3
1.1 1.8

2.0 5.3

Rock Island County
Avg Max

Result Result
6.2 46.2
2.1 2.1
3.5 3.5
0.6 0.6
6.0 46.2

Saline County
Avg Max

Result Result
1.7 3.9
1.9 4.9
2.1 4.3
1.9 4.9

Sangamon County
Avg Max

Result Result
4.5 22.4
1.9 3.3
4.6 23.2
3.9 23.2

#>4
pCi/L

2
2
1

5

#>4
pCi/L

3
0
3

#>4
pCi/L

34
0
0
0

34

#>4
pCi/L

0
1
1

2

#>4
pCi/L

29
0
1

30

%>4
pCi/L

12
25
8
14

%>4
pCi/L

14
0
10

%>4
pCi/L

54
0
0
0

52

%>4
pCi/L

0
7
12

7

%>4
pCi/L

40
0
12
29

#>20
pCi/L

0
0
0

0

#>20
pCi/L

0
0

0

#>20
pCi/L

2
0
0
0
2

#>20
pCi/L

0
0
0
0

#>20
pCi/L

1
0
1
2

%>20
pCi/L

0
0
0

0

%>20
pCi/L

0
0

0

%>20
pCi/L

3
0
0
0

3

%>20
pCi/L

0
0
0
0

%>20
pCi/L

1
0
12
2

47
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Table 4 (cont'd)
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Schuylcr County

Basement
First Floor Bedroom
Total

Number
23
6

29

Min
Result

0.8
0.8
0.8

Avg
Result

5.4
4.8
5.3

Max
Result

19
8.9
19

pCi/L
11
3

14

pCi/L
48
50
48

»>20
pCi/L

0
0
0

%>20
pCi/l.

0
0
0

Scott County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
18
11
1

30

Min
Result

1.4
2

3.4
1.4

Avg
Result

6.2
3.4
3.4
5.1

Max
Result
10.9
6.5
3.4
10.9

pCi/L
13
3
0
16

pCi/L
72
27
0

53

*>20
pCi/L

0
0
0
0

*»20
pCi/L

0
0
0
0

Shelby County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
22
5
1

28

Min
Result
0.7
0.7
2.1
0.7

Avg
Result

3.2
1.9
2.1

3.0

Max
Result
10.2
3.2
2.1
10.2

#>4
pCi/L

6
0
0
6

pCi/L
27
0
0

21

«>20
pC>/L

0
0
0
0

f»20
pCi/L

0
0
0
0

St. Clair County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
40
5
5

SO

Min
Result

0.4
0.8
0.4
0.4

Avg
Result

3.2
3.5
1.0
3.0

Result
23
6.4
1.4
23

pCi/L
7
2
0
9

pCi/L
18
40
0
IB

«>20
pCi/L

1
0
0
1

4»20
pCi/L

2
0
0
2

Stark County

Basement
First Floor Living Area
Total

Number
27
1

28

Min
Result

0.7
1.9
0.7

Avg
Result

6.8
1.9
6.7

Max
Result
21.3
1.9

21.3

pCi/L
17
0
17

pCi/L
63
0

61

«>20
pCi/L

1
0
1

%>20
pCi/L

4
0
4

48



Table 4 (cont'd)
Stephenson County

Min A.,r» »*—

Basement
Firs i Floor Living Area
Other

Total

Number
53
1
1

55

Min
Result

0.7
1.4
4.8

0.7

Avg
Result

4.5
1.4
4.8

4.5

Max
Result

14.9
1.4
4.8

14.9

#>4
pCi/L

27
0
1

28

%>4
pCi/L

51
0

100

51

#>20
pCi/L

0
0
0

0

%>20
pCi/L

0
0
0
0

Tazwell County
Min A,,» »«—

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
48
6
5
59

Min
Result

0.9
1.5
0.9

0.9

Avg
Result

5.9
4.6
3.1

5.5

Max
Result

14.3
11.3
8.8
14.3

#>4
pCi/L

33
3
1

37

%>4
pCi/L

69
50
20

63

#>20
pCi/L

0
0
0

0

%>20
pCi/L

0
0
0

0

Union County
Min A..- »*——

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
22
7
1

30

Min
Result

1.1
1.3
2
1.1

Avg
Result

3.4
2.1
2.0
3.1

Max
Result

5.9
2.9
2

5.9

#>4
pCi/L

8
0
0
8

%>4
pCi/L

36
0
0

27

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

VermUlion County
Min A«T \t— •• •

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
28
4
4

36

Min
Result
0.9
0.9
0.7
0.7

Avg
Result

4.4
1.8
2.4

3.9

Max
Result

12.8
3

5.6
12.8

#>4
pCi/L

11
0
1

12

%>4
pCi/L

39
0

25
33

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

Wabash County
Min A,,~ »«—

Basement
First Floor Bedroom
First Floor Living Area
Other
TotaJ

Number
17
12
2
1

32

Min
Result

0.8
0.7
0.7
5.5
0.7

Avg
Result

1.6
1.1
2.0
5.5
1.6

Max
Result
2.9
2.6
3.2
5.5
5.5

#>4
pCVL

0
0
0
1
1

%>4
pCi/L

0
0
0

100
3

#>20
pCi/L

0
0
0
0
0

%>20
pCi/L

0
0
0
0
0

49
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Table 4 (cont'd)
Warren County

Basement
First Floor Bedroom
Firsi Floor Living Area
Toial

Number
42
4
3

49

Mln
Result

2.2
4.1
2.6
2.2

Avg
Result
12.4
6.9
5.0
11.5

MAX
Result
59.5
9.4
9.3

59.5

«>4
pCi/L

37
4
1

42

%>4
pCi/L

88
100
33
86

*>20
pCi/L

8
0
0
B

%>20
pCi/L

19
0
0

16

Washington County

Basemou
Firsi Floor Bedroom
Total

Number
34
2
36

Min
Result

0.2
0.8
0.2

Avg
Result

2.4
0.8
2.4

Max
Result

7.2
0.8
7.2

«>4
pCi/L

5
0
5

%>4
pCi/L

15
0
14

#>20
pCi/L

0
0
0

%>20
pCi/L

0
0
0

Waync County

Basement
First Floor Bedroom
First Floor Living Area
Total

Number
11
5
3
19

Min
Result
0.3
0.6
0.3
0.3

Avg
Result

1.3
0.7
0.6
1.0

Max
Result

3.1
0.9
1.1
3.1

«>4
pCi/L

0
0
0
0

%>4
pCi/L

0
0
0
0

*>20
pCi/L

0
0
0
0

<X»20
pCi/L

0
0
0
0

White County

Basement
First Floor Bedroom
First Floor Living Area
Toial

Number
20
12
1

33

Min
Result
0.4
0.4

I
0.4

Avg
Result

2.5
1.3
1.0
2.0

Max
Result

6.4
2.3
1

6.4

*>4
pCi/L

4
0
0
4

%>4
pCi/L

20
0
0
12

«>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Whiteside County

Basement
First Floor Bedroom
Total

Number
33
3

36

Min
Result
0.7
0.9
0.7

Avg
Result

2.9
2.0
2.8

Max
Result

8.1
3.5
8.1

*>4
pCi/L

7
0
7

*>4
pCi/L

21
0
19

«>20
pCi/L

0
0
0

%>20
pCi/L

0
0
0
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Table 4 (cont'd)
Will County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
47
8
9

64

Min
Result

0.5
0.6
0.6
0.5

Avg
Result

3.9
2.3
1.3
3.3

Max
Result
16.8
4.1
4.7

16.8

#>4
pCi/L

14
1
1

16

%>4
pCi/L

30
12
11
25

#>20
pCi/L

0
0
0

0

%>20
pCi/L

0
0
0

0

Williamson County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
15
13
7

35

Min
Result

0.8
0.7
0.8
0.7

Avg
Result

3.6
1.2
0.9
2.2

Max
Result
11.7
2.4
1.3

11.7

#>4
pCi/L

3
0
0
3

%>4
pCi/L

20
0
0

9

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0

0

Winnebago County

Basement
First Floor Bedroom
First Floor Living Area

Total

Number
52
4
2

58

Min
Result

1.2
1.7
1.9

1.2

Avg
Result

4.1
2.5
2.3

3.9

Max
Result

19
4.3
2.6
19

#>4
pCi/L

19
1
0

20

%>4
pCi/L

37
25
0

34

#>20
pCi/L

0
0
0
0

%>20
pCi/L

0
0
0
0

Woodford County

Basement
First Floor Bedroom
Total

Number
26
2

28

Min
Result

1
2.8
1

Avg
Result

10.2
5.9
9.9

Max
Result
33.7

9
33.7

#>4
pCi/L

20
1

21

%>4
pCi/L

77
50

75

#>20
pCi/L

3
0
3

%>20
pCi/L

12
0

11

51
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Table 5

SUMMARY OF ILLINOIS SCHOOL RADON SCREENING RESULTS

66 SCHOOLS
23 COUNTIES

Basement
First Floor
Second Floor
Third Floor

Number

51
577

52
23

Min
Result

0.1*
0.1*
0.5*
0.7*

Max
Result

25.8
10.0
8.0
5.0

%>20
pCi/L pCi/L

12 2
3 0
6 0
4 0

"Less than Minimum Detectable Concentration

52



Table 6

CORRELATION BETWEEN RADON CONCENTRATIONS AND
BUILDING CHARACTERISTICS

Age of House Number
Less than 15 years old 919
Greater than 50 years old 1388

Substructure Type Number
100% Basement 1760
100% Slab 164
100% Crawlspace 535
Basement and Slab 223
Basement and Crawl Space 880

Subjective Energy Efficiency Number
Not at all 184
Somewhat 37
Adequate 333
Good 1302
Excellent 2272

Basement Characteristics Number
Exposed Earth 239
Sump(s) 885
Crack(s) 784
Drain(s) 1660
None of the above 50
All of the above 39

Crawlspace Characteristics Number
Crawlspace Entry & Exposed Earth 480
Crawlspace Vented 504

Primary Heating Source Number
Solar 5
Oil 174
Electric 421
Natural Gas 2689
Propane 448
Wood 174
Coal 6

Other Factors Number
Central Air Conditioning 1367

Average (pd/L)
3.9
4.1

Average (pCi/L)
4.1
3.4
2.0
5.1
4.6

Average (pCi/L)
3.2
2.5
3.6
3.9
4.0

Average (pCi/L)
5.3
4.5
4.6
4.6
3.5
5.6

Average (pCi/L)
4.7
3.1

Average (pCi/L)
7.5
4.8
3.8
4.0
3.8
3.0
1.5

Average (pCi/L)
4.2
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SCHOOL RADON SCREENING RESULTS
pCi/L

County

Calhoun

Champaign

Clark

DeWitt

Effmgham

Ford

Gallarin

Henry

LaSalle

Livmgston

McLean

Monroe

Montgomery

Moulthe

Pike

Basement
n Range

3 2.1-3.8

2 3.2-4.5

0

2 3.4-3.9

0

1 4.6

0

0

1 2.3

0

0

0

0

0

2 2.3-6.0

1st ^loor

13

3

204

6

4

7

A

8

10

7

5

6

8

2

15

1.1-3.3

1.7-4.2

0.1*-4.3

1.4-3.2

0.8*- 1.2

1.5*-2.9

1.3-2.1

1.2*-10.0

0.8*-2.2

0.7*0.5

4.3-9.2

0.9-3.0

1.6-3.2

2.3-4.5

0.2*-5.8

2nd
n
2

3

0

2

4

2

2

2

1

2

5

6

2

2

1

Floor
Range

0.5*0.9

1.4-3.7

2.0-2.8

0.8*-1.2

0.8*-1.4

1.4-1.7

0.8*-2.2

0.8*

1.9-3.8

3.3-8.0

1.0-2.7

1.7-1.8

1.0-1.2

1.3

3rd Floor
n Range.
0

2 0.8*- 1.2

0

0

0

2 0.7*-2.4

2 1.4-1.5

2 1.1-1.5

0

2 0.7"-0.7*

2 3.2-5.0

0

2 1.0-1.5

2 1.7-1.8

0

54



Table 7 (cont'd)

SCHOOL RADON SCREENING RESULTS
pCi/L

County Basement 1st Floor 2nd Floor 3rd Floor
2 Range fl Range n Range n Range

Saline 3 1.5-4.4 3 0.7-1.6 3 0.7*-1.4 0

Sangamon 1 25.8 1 1.9 1 3.1 0

Schuyler 0 8 1.1-6.3 2 1.1-2.2 2 1.5-1.7

St. Clair 0 6 1.6-3.1 0 0

Wayne 36 0.1*-1.4 241 0.1*-3.6 0 0

White 0 4 0.7-1.6 4 0.7-2.2 0

Will 0 8 0.9*-2.3 2 0.5*-0.9* 2 1.4-1.4

Woodford 0 4 0.8*-5.6 4 1.0-3.4 3 1.2-2.7

* Less Than Minimum Detectable Concentration
n = Number of measurements
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Table 2-1

Definition of the Twenty-Two Design Strata

ERA Region

Region 1:

Region 2:

Region 3:

Region 4:

———~^\Region5:_J

Region 6:

Region 7:

Region 8:

Region 9:

Region 10:

Expected
Radon Level

High:
Medium

High:
Medium
Low:

High:
Low:

High:

Medium:
Low:

High:
Low:

High:
Medium:

Low:

High:
Medium:

High:

High:
Low:

High:
Low:

Stratum
ID Number

013
012

023
022
021

033
031

043

042
041

053
051

063
062

061

073
072

083

093
091

103
101

State/Substate Area

ME, NH, VT.
MA, CT, RI.

Northern NJ.
NY.
Southern NJ.

PA, Western MD, WV, Western VA.
DE, Central and Eastern VA,
Eastern MD, DC

Western NC, Western SC, Northern
GA, Northern AL, Eastern TN.
KY, Western and Central TN.
Central and Eastern NC, Eastern
SC, Southern GA, Southern AL,
MS, FL.

MN, wi/ IU]IN, OH.
MI. L J

NM
OK, Western and Central TX,
Northern AR.
LA, Southern AR, Southeastern
TX.

NE, IA.
KS, MO.

MT, WY, UT, CO, ND, SD.

NV.
CA, AZ, HI.

AK, ID.
WA, OR.
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Table 3-1
Estimated Percent of Year-Round Occupied Housing Units with Annual-Average Radon Concentrations

above Key Thresholds: United States, 1989-1990, page 1 of 3

Lowest Level of
Living Space

ERA
Region

United States
Percent
(Std. Err.)
No. of Obs.

Region I
Percent
(Std. Err.)
No. of Obs.

Region II
Percent
(Std. Err.)
No. of Obs.

Region III
Percent
(Std. Err.)
No. of Obs.

Percent
> 4
pCi/L

8.01
(0.81)
584

10.01
(3.68)

38

6.20
(2.22)

35

10.04
(2.80)

89

Percent
> 10
pCi/L

1.28
(0.27)

91

0.66
(0.49)

3

1.68
(0.58)

10

2.43
(1.56)

20

Lowest Level of
Nonliving Space(l)
Percent
> 4
pCi/L

25.90
(2.74)
428

23.97
(7.53)

41

20.86
(8.30)

33

17.56
(4.11)

51

Percent
> 10
pCi/L

5.68
(1.06)

92

7.32
(2.84)

13

6.18
(3.48)

10

4.81
(3.06)

16

Average Over
All Living Levels

Percent
> 4
pCi/L

6.01
(0.68)
439

4.12
(1.14)

19

3.91
(1.34)

23

7.36
(2.17)

63

Percent
> 10
pCi/L

0.65
(0.18)

51

0.50
(0.40)

2

0.72
(0.35)

4

1.40
(1.04)

11

Weighted Average
Over All Levels (2)

Percent
> 4
pCi/L

5.16
(0.66)
1,027

3.88
(0.87)

56

2.32
(1.26)

39

7.09
(2.76)
152

Percent
> 10
pCi/L

0.43
(0.15)

89

0.29
(0.20)

5

0.37
(0.26)

6

1.28
(1.12)

27

Notes: (1) Residences that used every level as living space are excluded from this column.

(2) This column includes one observation for every occupant of the 5,694 final responding households.

(3) The entry N.A. indicates a radon concentration category with no observations, giving an estimate of
0 00 percent. Although some residences in the Region may have radon concentrations in the range,
none were observed. This suggests that the percent of homes in the Region with radon concentrations
in the range is small. The few number of observations in some Regions also reduces the precision of
the estimates for the other radon concentration categories. Estimates with a relative standard
error greater than 50 percent of the point estimate should be interpreted with caution.
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Table 3-1
Estimated Percent of Year-Round Occupied Housing Units with Annual-Average Radon Concentrations

above Key Thresholds: United States, 1989-1990, page 2 of 3

Lowest Level of
Living Spate

EPA
Region

Region IV
Percent
(Std. Err.)
No. of Obs.

Region V
Percent
(Std. Err.)
No. of Obs.

Region VI
Percent
(Std. Err.)
No. of Obs.

Region VII
Percent
(Std. Err.)
No. of Obs.

Percent
> 4
pCi/L

5.59
(1.64)

56

12.21
(1.60)
197

2.93
(1.02)

18

21.08
(8.45)

69

Percert
> 1C
pCi/L

0.96
(0.56)

6

1.42
(0.43)

25

0.25
(0.24)

1

3.72
(2.32)

15

Lowest Level of
Nonliving Spaced )
Percent
> 4
pCi/L

27.85
(7.65)

31

26.21
(2.19)
161

0.00
H.A.(3)
0

35.29
(11.98)

33

Percent
> 10
pCI/L

5.38
(3.20)

6

3.55
(0.83)

20

0.00
N.A.
0

6.76
(3.11)

6

Average Over
All Living Levels
Percent
> 4
pCi/L

4.79
(1.78)

45

\9.18"~
(1.56)

I 149

2.69
(1.02)

17

16.75
(6.94)

55

Percent
> 10
pCi/L

0.17
(0.09)

2

\ 0.90
(0.40)

/ 1S

0.25
(0.24)

1.76
(1.73)

8

Weighted Average
Over All Levels(2)
Percent
> 4
pCi/L

4.47
(1.66)

113

7.70
(1.36)
343

2.29
(0.84)

37

14.65
(5.80)
134

Percent
> 10
pCi/L

0.09
(0.04)

3

0.49
(0.22)

25

0.19
(0.19)

2

0.85
(0.63)

9

Notes: (1) Residences that used every level as living space are excluded from this column.

(2) This column Includes one observation for every occupant of the 5,694 final responding households.

(3) The entry N.A. indicates a radon concentration category with no observations, giving an estimate of
0.00 percent. Although some residences In the Region may have radon concentrations in the range,
none were observed. This suggests that the percent of homes in the Region with radon concentrations
in the range is small. The few number of observations In some Regions also reduces the precision of
the estimates for the other radon concentration categories. Estimates with a relative standard error
greater than 50 percent of the point estimate should be interpreted with caution.



Figure 3-1 Percent of Housing Units with Annual-Average
Radon Concentrations: Over All Living Levels

> 4 pCi/L and > 10 pCi/L (in parenthesis)
by EPA Region

O»

National Estimate:

Note: Standard errora for the regional eatlmatea are given In Table 3-1. Estimate* with relative
standard errora greater than 60 percent of the point eatlmate should be Interpreted with caution.
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INDOOR 222Rn CONCENTRATIONS IN A PROBABILITY
SAMPLE OF 43,000 HOUSES ACROSS 30 STATES

S. B. White,* Jane W. Bergsten.* Barbara V. Alexander.* Nathaniel F. Rodman* and
Jeffrey L. Phillipst

Abstract—The U.S. Environmental Protection Agency has
assisted 30 of the 48 conterminous states in completing sta-
tistically designed surveys of indoor 222Rn over the past 4 y.
In all states, the lowest livable level of 43,054 randomly
selected houses was tested using charcoal canisters exposed
for 48 h. The sampled population included owner-occupied
ground-level houses having listed telephone numbers. Sum-
mary statistics along with the percentage of houses exceeding
various concentration levels are given by state and over all
states for houses with basements, for houses without base-
ments, and for all houses. As expected, 2"Rn concentration
varies widely from one state to another and, in every state,
basement houses exhibit higher concentrations than nonbase-
ment houses. The lognormal distribution is shown to be a
good approximation to the distribution of screening measure-
ments over the 30-state area. There is. however, some evidence
that the lognormal distribution underestimates, by a narrow
margin, the upper tail of the observed distribution of basement
measurements.
Health Phys. 62(1):41-50; 1992
Key words: 222Rn; surveys; sampling; radioactivity, natural

INTRODUCTION
IN AN attempt to characterize the magnitude of maxi-
mum indoor 222Rn concentrations across the U.S., the
U.S. Environmental Protection Agency (EPA) provides
assistance to states in the selection and testing of a
probability-based sample of houses. The use of proba-
bilities in making house selections allows results to be
validly extrapolated beyond the sample itself to a well-
defined population and enables precision of estimates
to be quantified. Assistance is provided in survey de-
sign, interviewer training, sample selection, data proc-
essing, and data analysis. In addition, the Agency pro-
vides charcoal canisters used in all sample houses and
also provides all laboratory analyses.

Each state survey had two objectives. The first was
to characterize the distribution of maximum indoor
222Rn concentrations across the state through the use

•Research Triangle Institute. Research Triangle Park. NC 27709:
tU.S. Environmental Protection Agency. Washington. EXT 20460.

(Manuscript received 6 March 1991: revised manuscript received
13 September 1991. accepted 19 September 1991)

0017-9078/92/S3.00/0
Copyright © 1992 Health Physics Society

of short-term tests. The second was to identify areas
within the state with elevated :::Rn levels. Jointly, these
objectives imply a need for estimating mean concentra-
tions and percentages of households with readings
above specified concentrations for the state as a whole
and for geographic regions within the state. The objec-
tives also imply a need for testing a large number of
households that are widely dispersed across the state.

Since the beginning of the state assistance program
in 1986. 30 of the 48 conterminous states have com-
pleted statistically designed surveys of indoor :"Rn.* In
this group of 30 states, shown in Fig. 1, 2-d screening
measurements were made in approximately 43.000 ran-
domly selected houses. Although other surveys have
used probability sampling, e.g., New York (Perritt et al.
1990) and New Jersey (Rahman et al. 1988). and other
data sets include more test houses (Alter and Oswald
1987: Cohen and Gromicko 1988), this is. by far, the
largest data base formed from studies that 1) use prob-
abilities in making house selections: 2) have common
objectives; 3) utilize the same measurement method: 4)
employ the same protocol: and 5) sample the same
target population. This paper updates and expands the
work reported by Dziuban et al. (1990) by including
more state surveys, combining results across states, and
assessing distributional characteristics.

The surveyed states were not selected on the basis
of probability but rather on the basis of their expressed
interest in participating in the assistance program.
Thus, the aggregated results shown herein are. from a
statistical viewpoint, restricted to the 30-state area.
Because of the geographic coverage of the United States
(Fig. 1), it seems reasonable, however, to view the results
of the 30-state area as representative of the nation as a
whole.

Radon concentrations at the national level have
been reported by Nero et al. (1986). Cohen (1986). and
Alter and Oswald (1987). Nero et al. (1986) aggregated
a number of data sets totalling less than 1000 house-
holds. These data sets differed with respect to the meas-
urement technique, the length of the measurement
period, and the time of the year measurements were

t Alaska and Hawaii ateo conducted statistically designed surveys
but are excluded here because they are not members of the 48
conterminous states.

41



42 Health Phvsics Januarv 1992. Volume 62. Number 1

Table 1. Disposition of sample selections.

Fig. 1. Estimated percentage of houses with screening meas-
urements > 148 Bq m'\

made. Cohen (1986) tested about 500 houses of physics
professors from some 100 universities in 42 states.
Alpha-track detectors were exposed for 1 y in all houses.
Alter and Oswald (1987) used a data base comprised of
some 60,000 measurements generated by users of
etched-track detectors. The period of exposure ranged
from 1 wk to 1 y. The data base contains multiple
measurements in the same house (at the same time or
at different times) and a disproportionate number of
measurements in known "hot spots" (for example, in
Pennsylvania, New Jersey, and Maine). Later, some
results of these studies will be contrasted to findings
from the 30-state surveys.

METHODS
Each state employed 2-d screening measurements

made in the lowest livable area during closed-house
conditions in the winter (Ronca-Battista et al. 1988).
The lowest livable area is one that could be considered
livable with, at most, some cosmetic changes; if the
area was in a basement, it was required to have a sealed
floor. This type of screening measurement provides an
estimate of the maximum concentration to which oc-
cupants can be exposed. The method was used in the
state surveys because it is the one the EPA and the
Centers for Disease Control currently recommend to
homeowners for determining whether additional tests
are needed (U.S. EPA and CDC 1986).

Different types of follow-up tests are recommended
for screening measurements between 148 Bq m~3 (4
pCi L-') and 740 Bq nT3 (20 pCi L'1), and above 740
Bq m~3. These state surveys provide direct estimates of
how many houses in the target population fall into
these categories. Data from these state surveys should
not, however, be used directly in assessing exposures or
health risks because the measurements do not yield
annual average concentrations in living areas. To use
these data for exposure or risk assessment, adjustments

State
AL
AZ
CA
GA
1A
ID
IN
KS
KY
LA
MA
ME
Ml
MN
MO
NC
ND
NE
NM
NV
OH
OK
PA
Rl
SC
TN
VT
WI
wv
WY
Total

Of all
selections

Percent found
to be

survey-eligible
55
35
44
45
58
60
44
56
57
34
48
52
56
63
58
58
51
58
52
47
48
56
59
51
55
59
48
56
57
50
52

Of all

Percent
accepting
a detector

77
93
91
91
92
92
88
86
71
86
86
93
65
95
87
89
91
92
95
90
89
94
82
80
91
76
91
85
89
96
88

known survey
eligibles

Percent
returning
a detector

with a usable
reading

66
72
69
68
82
73
76
70
63
62
70
79
54
86
72
74
79
84
81
70
66
77
68
62
64
73
74
76
78
81
72

are necessary' to translate these short-term measure-
ments into long-term estimates of average concentra-
tions. Studies of the relationship between short-term
and long-term measurements of 222Rn are underway in
a subset of states to quantify these adjustments.

The target population, or population to which the
sample results apply, consists of all owner-occupied
private or main-residence homes with (1) a listed tele-
phone number; (2) a permanent foundation; and (3) at
least one floor at or below grade level (this includes
houses built over a crawl space).

For each state, a probability sample of listed resi-
dential telephone numbers was selected from a sam-
pling frame constructed from telephone directories for
all communities in the state. A probability sample is
one in which every element in the sample (in this case,
listed residential telephone numbers) has a positive and
known chance of being included (Hansen et al. 1953;
Kish 1965; Cochran 1971).

Each state was divided into strata based on popu-
lation density, potential for high 222Rn, and geographic
areas for which separate statistical estimates were de-
sired. Each stratum was then sampled at a different rate
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Table 2. Number of houses tested, size of population sampled, and percent with basement.

Number of houses tested
State
AL
AZ
CA
GA
IA
ID
IN
KS
KY
LA
MA
ME
Ml
MN
MO
NC
ND
NE
NM
NV
OH
OK
PA
RI
SC
TN
VT
Wl
wv
WY

Basement
172
45
96

299
1.208

447
997

1.223
373

4
1.420

656
1,591

766
1.155

332
1.371
1.436

127
306

1.246
86

2.121
348
98

452
425

1.014
464
490

Nonbasement TotalJ

947 .180
1.355 .507
1.727 .885
1.207 .534

166 .381
627 .142
854 .914
722 2.009
475 879

1.229 1.314
128 1.659
158 839
386 1.989
153 919
687
911
223
559

1.715
1.196

457
1.461

248
28

917
1.248

271
106
491

.859

.290

.596

.027

.887

.562

.734

.637

.389
376

.089

.773
710
.191
.006

230 777

Number of houses in target
population (in 1000s)

Basement
103

13
99

205
527
91

492
311
257

1
865
186

1.241
821
645
219
167
241

10
9

1.377
25

2.004
153
46

172
71

831
145
48

Nonbasement
431
435

2.055
605
64
89

470
181
308
404

78
43

269
146
344
854
27
65

177
80

436
480
241

12
425
533
44
55

162
21

Total-1

566
482

2.233
826
594
187
993
509
586
432

1.010
237

1.520
966
999

1.115
194
311
191
93

1.844
538

2.262
166
505
742
118
934
324

74

Percentage
of houses

with a basement
19.3
2.9
4.6

25.3
89.1
50.4
51.1
63.2
45.4
0.2

91.7
81.3
82.2
84.9
65.2
20.4
85.8
78.7

5.4
9.8

76.0
5.0

89.3
92.6
9.7

24.4
61.8
93.8
47.3
69.9

' Includes houses for which basement/nonbasement classification was unknown.

'for example, a sparsely settled stratum with a high
potential for :"Rn was oversampled). Use of this pro-
cedure ensured a wide dispersement of the sample
across the state and enhanced the chances of finding
areas with elevated radon. In the 30 states surveyed,
1.946 counties out of a total of 1,976 counties had at
least one house tested, and 1,691 counties had at least
four houses tested.

Multiple systematic random samples of telephone
numbers were selected from each stratum. After selec-
tion, each state sample was partitioned into sample
"waves," each consisting of a random subsample of 50
residential telephone listings. The waves were num-
bered sequentially and implemented in that order.
This procedure of implementing the sample in waves
provided each state with the option of stopping its
survey at the completion of any sample wave while
maintaining the capability to generate estimates and
standard errors based on a probability sample.

Starting with the first wave and proceeding sequen-
tially from wave to wave, telephone calls were made to
each of the 50 sample residential phone numbers in a
wave. The interviewer first screened for survey eligibil-
ity, which required that the dwelling qualify as a mem-
ber of the target population described earlier. Once

survey eligibility was established, the owner-occupant
was given descriptive information about :::Rn and the
planned survey and was then asked to participate.
Those agreeing to participate were mailed a charcoal
canister with instructions for placing it on the lowest
livable level of their home. Participants were to mail it
to the EPA analysis laboratory after 48 h of exposure
under closed-house conditions.

Open-face charcoal canisters (Gray and Windham
1987) were used in the first 22 states surveyed. Then
the EPA switched to barrier charcoal canisters (Gray
and Windham 1990) for California, Idaho, Louisiana,
Nebraska, Nevada, North Carolina. Oklahoma, and
South Carolina. Approximately 95% of all canisters
were exposed during the months of November through
April. The limit of detection is 19 Bq m"3 (0.5 pCi L~')
for open-face canisters and 37 Bq m"3 (1.0 pCi L~') for
barrier canisters. The performance of the charcoal can-
isters was monitored periodically through the use of
unexposed canisters, canisters exposed to known levels
of :"Rn, and collocated canisters.

The number of telephone numbers initially se-
lected for a given stratum was several times the number
needed. This was necessary to compensate for telephone
numbers that did not yield a survey-eligible housing
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Table 3. Statewide estimates of arithmetic mean, geometric mean.
Arithmetic mean (Bq m"')

Stale
AL
AZ
CA
GA
1A
ID
IN
KS
KY
LA
MA
ME
Ml
MN
MO
NC
ND
NE
NM
NV
OH
OK
PA
Rl
SC
TN
VT
WI
wv
WY

Basement
165
67
67

107
348
189
181
144
148
— a

133
170
89

185
115
144
281
229
215
233
181
100
303
122
137
198
122
131
141
156

Nonbasement
44
56
33
52

204
74
93
59
58
19
85
63
41

126
67
30

126
111
111
52
93
37

126
78
30
68
48
46
59
78

All
houses

66
59
33
67

329
130
137
115
98
19

126
152
78

178
96
52

259
204
115
74

159
41

285
118
41
99
93

127
96

131

and geometric standard deviation.
Geometric mean (Bq m")

Basement
67
43
33
82

241
104
113
101
81

— a

77
100
58

143
76
70

202
178
144
126
93
56

131
75
67

100
67
87
88

103

Nonbasement
25
37
19
37

134
41
54
38
33
11
36
38
23
76
40
15
85
70
78
30
49
19
63
34
15
41
27
28
33
50

All
houses

30
36
19
45

226
63
78
70
49
11
71
83
49

130
61
22

178
144
78
37
80
19

121
70
19
50
47
80
52
82

Geometric standard deviation

Basement
3.0
3.1
3.4
2.1
2.5
2.9
2.7
2.4
3.0
__ a

2.7
2.8
2.3
2.1
2.4
3.0
2 2
2.1
2.4
3.7
3.0
3.3
3.5
2.6
3.6
3.0
2.9
2.5
2.7
2.5

Nonbasement
2.7
2.8
3.9
2.4
2.6
3.7
2.8
2.7
2.9
3.4
3.8
2.7
2.8
2.9
2.7
3.7
2.5
3.0
2.4
3.4
3.3
3.8
3.4
3.1
3.8
2.8
3.0
3.1
2.7
2.6

All
houses

2.9
2.8
3.9
2.5
2.6
3.7
3.0
2.8
3.2
3.4
2.9
3.0
2.6
2.3
2.6
4.0
2.4
2.4
2.4
3.7
3.2
3.8
3.5
2.7
4.0
3.1
3.2
2.8
3.0
2.7

' Not estimated because of small sample size—only four houses.

unit and for some eligible housing units that did not
participate in the survey. Overall, slightly over half the
sample telephone numbers yielded an eligible residence,
but the percentage varied from a low of 34% for Loui-
siana to a high of 63% for Minnesota (Table 1). On
average, about 22% of the sample telephone numbers
yielded residences that were not survey eligible and
about 9% yielded nonresidences. For about 16% of the
telephone numbers, eligibility was never determined,
principally because of persistent ring-no-answer. For
the known survey-eligible residences, about 88% of the
respondents completed the interview and agreed to
place a canister in the home. Not all of these respond-
ents placed and returned the canister in a timely fash-
ion, however. Usable readings were obtained from only
about 72% of the known survey-eligible homes.

Because telephone numbers in different strata were
selected at different sampling rates, it was necessary to
assign sampling weights that counterbalanced the un-
equal selection probabilities. The weights assigned were
the inverse of the sample selection probabilities. An
additional weight adjustment was made to compensate
for nonresponse so population aggregates could be eas-
ily estimated from the sample data. All data analyses
were carried out using properly weighted data that
reflected the full complexity of the sample design. This

permitted the generation of unbiased statistical esti-
mates (Shah 1984).

RESULTS AND DISCUSSION
In all state surveys, the 2-d screening measurement

was taken in the basement if it was considered livable;
otherwise the measurement was made on the first floor.
Separate analysis results are presented in this paper foi
houses with basements, for houses without basements
and for all houses combined.

Based on program needs and available resources
each state determined how many houses would b
tested. The actual numbers of houses that provide
valid test data are shown in Table 2 and ranged frot
376 in Rhode Island to 2389 in Pennsylvania. In 24 <
the 30 states, more than 1000 houses were tested. Tab
2 also shows, for each state, the number of baseme
and nonbasement houses tested, the estimated numb
of houses in the target population, and the estimat
percentage of houses with livable basements. The p<
centage of basement houses varied from 0.2% in Lo
siana to 93.8% in Wisconsin and definitely refle
geographic location.

Each state survey was designed so that some hou
would have a better chance of being selected into
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Table 4. Statewide distributions of basement screening measurements.
Estimated percentage of houses with screening

measurements ~>X Bq m"' (pCi L~') for ,V equal to

State
AL
AZ
CA
GA
1A
ID
IN
K.S
KY
LA-
MA
ME
MI
MN
MO
NC
ND
NE
NM
NV
OH
OK
PA
Rl
SC
TN
VT
WI
wv
WY

37
(1)

70.2
55.0
58.2
85.8
97.0
83.6
85.8
87.1
74.8

76.5
82.2
66.5
96.6
77.8
71.7
98.8
98.2
93.5

-89.9
78.2
71.3
86.1
77.1
70.6
83.9
69.2
82.3
81.8
88.8

74
(2)

45.1
38.9
19.6
53.3
90.0
63.8
66.9
63.8
49.9

49.1
60.9
34.4
80.0
46.6
49.5
92.2
88.6
74.9
73.5
54.5
43.4
65.6
45.7
52.2
58.5
41.7
58.2
56.4
62.2

111
(3)

30.2
20.5
10.4
31.8
82.1
44.1
51.4
46.8
33.6

33.6
44.9
20.3
62.8
30.4
34.3
80.4
75.4
59.2
55.7
41.2
25.3
51.4
29.5
29.9
43.5
29.7
41.8
39.2
45.3

148
(4)

22.3
11.8
7.7

19.4
73.5
29.1
39.2
32.4
28.2

23.8
35.0
13.3
49.2
21.4
23.5
66.2
61.4
49.8
47.8
32.9
17.6
42.4
21.6
24.7
32.9
22.2
27.8
28.8
32.5

185
(5)

12.9
2.3
6.9

13.6
65.7
23.0
29.4
22.5
22.9

16.5
27.3
8.8

35.5
15.6
16.6
52.3
48.5
38.7
40.0
26.9
14.7
36.2
16.8
14.3
23.9
19.2
19.4
20.1
23.3

222
(6)

9.0
1.1
6.2

10.1
59.1
20.9
22.4
17.2
19.1

13.1
23.0
6.4

26.4
10.5
12.4
41.1
39.3
31.1
32.9
22.2
9.8

31.1
12.9
10.2
18.1
13.7
13.0
15.5
15.7

259
(7)
7.7
0.0
2.5
5.4

51.5
17.7
18.4
12.7
16.2

10.0
18.2
4.9

21.0
8.6
9.8

33.3
29.5
23.9
28.3
18.2
7.9

27.6
9.2
8.1

15.6
12.0
9.5

11.8
12.7

296
(8)

5.9
0.0
i 2
4.7

43.7
16.1
15.3
9.2

13.4

7.8
14.3
3.9

16.2
6.9
7.6

27.5
23.3
16.2
25.6
14.5
5.9

24.7
6.6
7.0

13.8
9.6
6.7
9.4

10.1

370
(10)

4.1
0.0
1.9
2.9

33.7
13.7
10.8
5.3
8.4

5.4
9.8
2.1
9.1
4.8
4.9

19.7
13.0
11.0
20.1
10.4
4.5

18.9
4.9
5.1

10.3
5.3
4.3
7.1
7.1

444
(12)
i ->
0.0
1.9
2,3

24.8
10.6
8.4
3.7
6.4

4.1
6.7
1.7
5.5
3.1
3.2

14.1
8.7
6.5

14.5
8.0
1.0

16.0
3.5
4.0
8.4
3.6
3.2
5.8
5.3

555
(15)

1.9
0.0
1.9
0.8

15.7
5.3
6.0
2.7
4.0

2.3
4.4
0.8
2.6
1.7
1.9
9.1
4.9
4.9

11.8
5.9
1.0

12.2
2.0
2.0
6.8
2.3
1.8
3.1
4.2

740
(20)

1.3
0.0
0.4
0.0
8.1
3.4
2.3
1.1
3.3

1.4
2 2
0.4
1.3
0.8
1.4
5.0
2.5
3.9
6.5
3.7
1.0
8.6
1.7
1.0
4.9
1.5
0.8
1.6
2.6

Maximum
value

(Bq m-1)
6.660

229
1.077

692
4,814
2.194
2,657
1,776
2.424

7,359
3,818
5.998
1.783
1,917

12,277
6,815
4,566
3.900
1,728
9.816

910
10.120
2.372
2,986
3.696
1,739
3,297
1.547
2,020

J Estimates for Louisiana are not shown because of small sample size—only four houses.

sample than others. To counterbalance these unequal
selection probabilities, appropriate sampling weights
were calculated and used in analyzing the resulting
screening measurements to assure unbiased statistical
estimates (e.g., geometric mean, arithmetic mean).

Statewide estimates
The arithmetic mean (AM), geometric mean

(GM). and geometric standard deviation (GSD) are
shown in Table 3 for basement houses, nonbasement
houses, and all houses combined. As expected, :::Rn
measurements taken in livable basements are, as a
group, higher than measurements made on the first
floor of nonbasement houses. This is clearly evident in
each of the 30 states surveyed. Basement AMs ranged
from 67 Bq nT3 (1.8 pCi L"1) in Arizona and California
to 348 Bq m"3 (9.4 pCi L"1) in Iowa. Nonbasement
AMs ranged from 19 Bq m"3 (0.5 pCi L~') in Louisiana
to 204 Bq m"3 (5.5 pCi L"1) in Iowa. On a statewide
basis. Louisiana has the lowest and Iowa has the highest
:::Rn level. Overall comparisons among states can be
misleading because of statewide differences in the per-

centages of houses with basements. For instance, Kan-
sas and New Mexico are similar in that both have
statewide AMs of 115 Bq nT3 (3.1 pCi L~'). This
similarity between the states is not evident when base-
ment houses are compared or when nonbasement
houses are compared—the AM in New Mexico is 49%
higher than in Kansas for basement houses and 88%
higher for nonbasement houses. The reason why both
statewide estimates of the AM are the same is because
Kansas has a higher portion of houses with livable
basements—63.2% as compared to 5.4% in New Mex-
ico.

The GMs for basement houses range from 33 Bq
nT3 (0.9 pCi L'1) in California to 241 Bq nT3 (6.5 pCi
L"1) in Iowa. For nonbasement houses, Louisiana has
the lowest GM (11 Bq m"3, or 0.3 pCi L"1) and Iowa
has the highest (134 Bq m~-\ or 3.6 pCi L"'). Although
not included in this paper, estimates of the median (i.e.,
50th percentile) were derived for basement and non-
basement houses in each state. In each case, the esti-
mates of the median and the GM were very similar—
an indication that screening measurements may be
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Table 5. Statewide distributions of first floor screening measurements taken in nonbasement houses.
«. ' Estimated percentage of houses with screening

measurements >A' Bq m~ ' (pCi L" ' ) for A" equal to

State
AL
AZ
CA
GA
1A
ID
IN
K.S
KY
LA
MA
ME
Ml
MN
MO
NC
ND
NE
NM
NV
OH
OK
PA
RI
SC
TN
VT
WI
wv
WY

37
(1)

32.9
52.6
30.6
52.9
89.4
59.0
61.4
52.2
41.1
12.8

46.8
48.7
28.1
77.5
50.6
24.5
78.5
76.8
82.2
47.2
60.2
35.1
61.7
46.7
27.3
52.0
33.9
48.6
43.5
58.4

74
(2)

10.9
23.4
10.1
18.2

72.2
32.0
36.5
27.3
17.7
3.1

26.5
23.5
12.5
54.6
27.4

8.5
58.4
53.3
52.3
20.1
38.9
13.7

44.4
22.2
~8.3
26.2
16.9
14.3
18.0
32.9

111
(3)
4.7

11.8
3.5
8.3

60.3
19.8
23.7
12.6
10.8

1.1
17.3
13.7
6.7

32.1
14.4
5.2

40.5
36.0
32.0
10.9
23.6

5.3
29.5
1 1 . 1
2.9

15.0
9.9
7.9
8.4

20.3

148
(4)
3.0
6.3
2.1
3.7

51.0
10.2
17.3
5.9
8.0
0.9

14.9
10.0
4.1

24.2
9.2
2,4

27.8
24.7
20.6
6.3

16.1
2.5

25.0
7.5
1.6

10.3
6.6
6.7
4.7

11.6

185
(5)
2.2
3".!
1.8
2.1

40.6
7.9

12.8
3.9
6.2
0.5

10.2
4.9
2.5

18.0
5.0
1.4

18.7
18.4
14.2
3.6

12.7
1.8

21.4
3.8
1.1
5.9
4.9
4.5
3.2
7.6

T)T

~(d)
1.7
1.5
1.2
1.4

31.9
4.8
8.7
2.1
4.2
0.2
9.4
2.6
1.0

13.2
3.2
0.7

14.9
11.2
9.3
2.0
8.4
1.3

15.9
3.8
0.9
4.4
3.1
0.2
2.4
4.6

259
(7)
1.4
0.6
0.8
1.1

27.1
4.1
6.0
1.6
3.6
0.2
8.6
1.8
0.7

10.5
*> 1

0.1
10.3
9.8
6.7
1.6
7.1
1.0

12.8
3.8
0.5
3.5
2.1
0.0
1.6
4.3

296
(8)
1.1
0.5
0.5
0.8

18.6
2.4
4.4
0.8
3.2
0.0
7.9
1.8
0.7
8.7
2.0
0.3
8.1
5.1
5.1
1.5
6.3
0.7
9.6
3.8
0.4
2.5
1.8
0.0
1.3
3.5

370
(10)
0.7
0.4
0.2
0.4

12.0
1.9
2.8
0.4
1.7
0.0
6.3
1.6
0.4
7.7
1.3
0.2
5.1
2.8
3.8
1.0
3.6
0.7
6.4
3.8
0.2
1.7
1.1
0.0
0.9
2.1

444
(12)
0.4
0.2
0.2
0.2
8.8
1.6
1.6
0.4
0.8
0.0
3.1
0.8
0.3
3.9
0.9
0.2
3.2
0.8
2.0
0.5
2.8
0.4
5.1
3.8
0.2
1.4
0.8
0.0
0.7
1.2

555
(15)
0.2
0.1
0.2
0.1
4.8
0.2
1.0
0.3
0.6
0.0
2.4
0.8
0.3
1.8
0.4
0.1
0.8
0.1
1.2
0.2
1.1
0.3
3.2
3.8
0.2
0.8
0.8
0.0
0.5
0.4

740
(20)
0.1
0.1
0.1
0.0
2.7
0.2
0.7
0.1
0.1
0.0
1.6
0.0
0.0
1.4
0.4
0.0
0.0
0.0
0.7
0.1
0.2
0.0
2.0
3.8
0.2
0.2
0.0
0.0
0.2
0.4

Maximum
value

(Bq m'1)
4.777
1.880
1.010

611
1,358
2,009
1.691
1.184

936
296
888
707
670
940

1.388
696
611
585

3.230
973
844
685

1.584
966

1.709
921
577
252

3.038
992

approximated by a lognormal distribution. The GSDs
were about the same for basement and nonbasement
houses. Across all 30 states, most GSDs fall between
2.5 and 3.5. In calculating the GM and GSD. all
screening measurements <0.0 Bq m~3 were set equal to
2 Bq m~3 (0.05 pCi L~') prior to taking logarithms.
There are more sophisticated ways of handling nonpo-
sitive readings (Gilbert 1987). but the low percentage
found in these surveys did not warrant their use. A
negative reading occurs whenever the observed number
of counts is less than the background count established
for the counting device.

Distributions of screening measurements of ":R.n
taken in basements are shown in Table 4. For each
state, the estimated percentage of houses in the target
population exceeding X is given for 12 values of X
ranging from 37 Bq nT3 (1.0 pCi L'1) to 740 Bq nT3

(20.0 pCi L"1). The upper limit of 740 Bq m~3 equals
or exceeds the 95th percentile in 26 of the 30 states.

The 12 percentages shown in Table 4 for a given
state may be used to approximate percentiles of interest
(e.g., 50th, 90th) or may be plotted on logarithmic
probability paper as a visual check of the assumption
that screening measurements are lognormally distrib-
uted (plotted points will lie on a straight line if the
assumption is true). Table 4 may also be used to deter-
mine for the various states the expected percentages of

houses exceeding a specific level. For example, more
than 60% of the houses with livable basements in Iowa,
Minnesota, North Dakota, and Nebraska exceed 111
Bq m~3 (3.0 pCi L~'). Furthermore, the estimated per-
centages of houses with livable basements for the four
states are high—ranging from 79% to 89% (Table 2).

Distributions of screening measurements taken on
the first floor of nonbasement houses are given in Table
5 for the 30 states. For completeness, statewide distri-
butions of screening measurements taken in both base-
ment and nonbasement houses are presented in Table
6. Note that the format of Table 4 is maintained in
constructing Tables 5 and 6. Consequently, the general
comments in the previous paragraph apply equally to
the distributions shown in Tables 5 and 6. A plot of the
individual state percentages given in Table 6 under the
column heading of 148 Bq m"3 is shown in Fig. 1.

The extent to which observed distributions depart
from a lognormal distribution characterized by the
parameters geometric mean and geometric standard
deviation is discussed later in this paper using screening
measurements from all 30 states.

30-state area estimates
Screening measurements from 43.054 houses

tested in 30 state surveys, along with the corresponding
sampling weights, were combined into one data set and
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Table 6. Statewide distributions of screening measurements taken on the lowest livable level in all houses.
Estimated percentage of houses with screening

measurements >A' Bq m"1 (pCi L~') for A' equal to

State
AL
AZ
CA
GA
IA
ID
IN
KS
KY
LA
MA
ME
MI
MN
MO
NC
ND
NE
NM
NV
OH
OK
PA
RI
SC
TN
VT
WI
wv
WY

37
( 1 )

39.6
51.9
31.6
60.6
96.1
70.7
73.7
74.2
56.0
12.3
73.5
75.6
59.6
93.7
68.2
33.5
95.9
93.6
82.4
52.3
73.8
36.1
83.5
74.8
31.2
59.7
55.6
79.8
61.2
79.0

74
(2)

17.4
23.5
10.5
26.8
88.0
47.2
51.9
49.9
32.2
3.1

46.6
53.2
30.6
76.2
39.8
16.6
87.4
81.1
52.9
25.7
50.8
14.8
63.3
44.0
12.2
33.9
31.7
55.4
35.5
53.3

111
(3)
9.6

12.0
3.8

14.1
79.7
31.3
37.9
33.9
21.0

1.1
31.6
38.9
17.8
58.2
24.7
11.1
74.7
66.8
33.1
15.2
37.0
6.1

49.0
28.1
6.4

21.7
21.8
39.4
22.5
37.8

148
(4)
6.4
6.5
2.4
7.5

71.0
19.3
28.5
22.5
17.1
0.8

22.7
29.9
11.7
45.4
17.0
6.7

60.7
53.5
21.9
10.2
29.0

3.3
40.5
20.6

3.7
15.8
15.9
26.6
15.7
26.2

185
(5)
4.1
3.3
2.0
5.0

62.9
15.2
21.2
15.7
13.8
0.4

15.8
22.8

7.7
32.8
11.8
4.4

47.5
41.9
15.2
7.1

23.4
2.5

34.6
15.8
2.3

10.4
13.5
18.6
10.9
18.7

222
(6)
3.0
1.7
1.4
3.6

56.2
12.7
15.7
11.7
11.0
0.2

12.6
19.0
5.5

24.4
7.9
3.1

37.4
33.2
10.3
5.0

18.8
1.7

29.5
12.2

1.7
7.8
9.5

12.1
8.4

12.3

259
(7)
2.5
0.8
0.9
2.2

48.9
10.7
12.5
8.5
9.4
0.2
9.8

15.0
4.1

19.4
6.3
2.5

30.0
25.0
7.5
4.2

15.5
1.4

26.0
8.8
1.3
6.4
8.0
8.9
6.3

10.2

296
(8)
2.0
0.6
0.6
1.7

40.9
9.2

10.1
6.1
8.0
0.0
7.8

11.7
3.3

15.0
5.2
1.8

24.7
19.2
5.6
3.9

12.6
1.0

23.1
6.4
1.1
5.2
6.5
6.4
5.1
8.0

370
(10)

1.3
0.4
0.3
1.0

31.2
7.7
6.8
3.5
4.6
0.0
5.4
8.2
1.8
8.8
3.6
1.2

17.6
10.7
4.1
3.0
8.7
0.9

17.6
4.8
0.7
3.8
3.6
4.2
3.9
5.6

444
(12)
0.7
0.3
0.3
0.7

23.0
6.0
5.0
2.5
3.3
0.0
3.8
5.6
1.4
5.3
2.4
0.8

12.6
7.0
2.2
1.9
6.8
0.4

14.9
3.5
0.6
3.1
2.5
3.2
3.2
4.1

555
(15)
0.5
0.2
0.3
0.3

14.4
2.7
3.5
1.8
2.2
0.0
2.2
3.8
0.7
2.5
1.2
0.4
8.0
3.8
1.4
1.4
4.7
0.3

11.2
2.2
0.4
2.2
1.7
1.8
1.7
3.0

740
(20)
0.3
0.1
0.1
0.0
7.5
1.8
1.5
0.7
1.5
0.0
1.3
1.9
0.4
1.4
0.7
0.3
4.3
1.9
0.8
0.8
2.8
0.0
7.9
1.9
0.3
1.3
0.9
0.8
0.8
1.8

Maximum
value

(Bq m-')
6.660
1.880
1.077

692
4.814
2.194
2,657
1,776
2,424

296
7.359
3,818
5.998
1,783
1,917

12,277
6,815
4,566
3,900
1,728
9,816

910
10.120
2,372
2,986
3,696
1,739
3,297
3.038
2,020

analyzed. The results are summarized in Table 7. These
results apply to an estimated population of 22 million
houses located over a 30-state area that had a positive
probability of being selected for testing.

The AM, GM, and GSD are shown in the upper
portion of Table 7 for basement houses, for nonbase-
ment houses, and for all houses. For all houses, the AM
is 124 Bq m'3 (3.4 pCi IT1), the GM is 54 Bq nT3 (1.5

pCi L~'), and the GSD is 3.9. As noted previously for
individual state surveys, the AM and GM are much
higher in basement houses than in nonbasement
houses. Basement houses exhibit a GSD of 2.9 as com-
pared to 3.6 for nonbasement houses.

The estimated percentages of houses with screening
measurements exceeding selected concentration values
are shown in the lower portion of Table 7 for basement

Table 7. Summary results by house type for 30 state surveys.

House type
Basement
Nonbasement
All houses

House type
Basement
Nonbasement
All houses

Arithmetic
mean (Bq m"5)

185 ±
54 ±

124 ±

37
(1)

81.8
41.7
63.0

3.3'
0.8
1.9

74
(2)

58.7
19.6
40.5

Geometric
mean (Bq m"3)

Geometric
standard
deviation

Number of houses
Number of in target

houses population
tested (in 1000s)

99±0.4l 2.9 20,768 11.375
27 ±0.6 3.6 20,880 9,536
54 ±0.4 3.9 43,054" 21,551

Estimated percentage of houses with screening
measurements >X Bq m"3 (pCi L~') for A" equal to

111
(3)

43.9
10.7
28.4

148
(4)

34.0
7.0

21.4

185
(5)

26.5
5.0

16.5

222
(6)

21.4
3.4

13.0

259
(7)

17.6
2.6

10.6

296
(8)
14.6
2.0
8.7

370
(10)
10.3

1.3
6.1

444
(12)
7.9
0.9
4.6

Percentage of
houses with
a basement

54.4

555
(15)
5.3
0.5
3.1

740
(20)
3.3
0.2
1.9

• Standard error of the parameter estimate.
b Includes houses for which basement/nonbasement classification was unknown.
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Table 8. State survey results for nonbasement houses con-
trasted with published national Statistics.

Parameter

Arithmetic mean
Bq rrr'
pCi L-'

Geometric mean
Bq rrr;

pCi IT'
Geometric standard

deviation

30 state
surveys

(nonbasement
houses)

54
1.5

21
0.7
3.6

Nero et al.
(1986)

55
1.5

33
0.9
2.8

Cohen
(1986)

54
1.5

38
1.0
2.4

Alter and
Oswald3

(1987)

160
4.3

63
1.7
3.5

* Estimates do not include data from six states that had more than
1000 measurements.

houses, for nonbasement houses, and for all houses.
For consistency, the 12 selected concentration values
are the same as those used to characterize the distribu-
tions within individual states. A more detailed descrip-
tion of the distributions of screening measurements for
the 30-state area is given in the next section.

As noted earlier, 222Rn concentrations at the na-
tional level were reported by Nero et al. (1986). Cohen
(1986). and Alter and Oswald (1987). There are notable
differences in these studies and the state surveys. First,
these studies used a self-selected sample of households
as opposed to a probability-based sample. Second, these
studies used detectors located in the usual or main
living area rather than in the lowest living area. Third,
these studies used test periods up to 1 y as contrasted
to a 2-d exposure period. Because of these fundamental
differences, close agreement between published na-
tional level concentrations of indoor :22Rn and the
findings of the 30 state surveys is not necessarily antic-
ipated.

The AM. GM. and GSD provided by the three
referenced studies are shown in Table 8 along with
corresponding results for nonbasement houses in the
state surveys. Results for nonbasement houses are
shown because the referenced studies used measure-
ments taken primarily on the first floor. This provides
a more meaningful basis for making comparisons. The
results reported by Nero et al. (1986) and Cohen (1986)
are similar and. for the most part, agree with the find-
ings in the state surveys even though the latter are based
on 2-d screening measurements taken during the winter
season under closed-house conditions. The national
level concentrations reported by Alter and Oswald
(1987) are significantly higher than the other published
results, probably because of the positive bias expected
in a data base containing multiple test results from
homeowners who elect to have their houses tested:
Many of these homes may be located in high-risk areas.

Adequacy of lognormal distribution
There are many who believe that the distribution

of indoor 222Rn concentrations in randomly selected

houses can be adequately approximated by a lognormal
distribution with parameters geometric mean and geo-
metric standard deviation, and there is evidence to
support this belief (Cohen 1986; Nero et al. 1986; Alter
and Oswald 1987; Fjeld et al. 1990). There are others
who feel that a lognormal distribution tends to under-
estimate the actual percentages in the upper tail,
namely, houses with very high concentrations (Goble
and Socolow 1989; Levy and Small 1990).

The extent to which the observed distribution of
screening measurements can be approximated by a
lognormal distribution is examined using data aggre-
gated over all 30 states. First, a table of relative fre-
quencies is constructed from observed screening meas-
urements. Because of the large number of houses tested
over the 30-state area, the table contains 33 intervals—
the first interval includes concentrations <37 Bq m~3

(1.0 pCi IT') and the last is an open-ended interval that
includes concentrations >2960 Bq m~3 (80.0 pCi L"1).

Next, the relative frequency expected under a log-
normal distribution is calculated for each of the 33
intervals using the geometric mean and geometric
standard deviation estimated from the observed screen-
ing measurements. Judgment of how well the lognormal
distribution approximates the observed distribution is
then made by simply comparing the two relative fre-
quency distributions on an interval-by-interval basis.
This approach for assessing the appropriateness of a
lognormal distribution is applied to 1) 20.768 screening
measurements taken in basement houses. 2) 20,880
screening measurements taken in nonbasement houses,
and 3) 43.054 screening measurements taken in both
basement and nonbasement houses. The results are
shown in Table 9.

Normal probability plots (using weighted cumula-
tive frequencies) for basement houses, for nonbasement
houses, and for all houses in the 30-state area are shown
in Fig. 2. The solid lines represent the cumulative
percent expected under the assumption of a lognormal
distribution. Estimates of the parameters GM and GSD
used in constructing these lines are given in Table 7. In
each case, the plotted points fall on or near the solid
line.

It is evident from Table 9 and Fig. 2 that screening
measurements in basement houses, in nonbasement
houses, and in all houses as a group can be adequately
approximated by a lognormal distribution. It should be
noted that at a concentration of 1480 Bq nT3 (40.0 pCi
L~'). the lognormal distribution begins to underesti-
mate the observed distribution of basement measure-
ments (Table 9). The magnitude of the underestimate
is. however, quite small. For example, 0.21 % of the
observed basement readings are greater than 2960 Bq
m"3 (80.0 pCi L"1). as compared to 0.08% estimated
from the lognormal distribution. On the other hand,
at higher concentrations, the lognormal distribution
overestimates by a very small margin the observed
distribution of measurements in nonbasement houses
(Table 9).
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Table 9. Comparison, by house type, of the observed relative frequency distribution of screening measurements
over a 30-state area with relative frequencies expected under a lognormal distribution.

Interval
< B q m - ' )
£37
38-74
75-111

112-148
149-185
186-222
223-259
260-296
297-333
334-370
371-407
408-444
445-48 1
482-518
519-555
556-592
593-629
630-666
667-703
704-740
741-777
778-814
815-851
852-888
889-925
926-1110

1111-1295
1296-1480
1481-1850
1851-2220
2221-2590
2591-2960

>2960

Basement

Observed
18.19
23.12
14.77

9.97
7.41
5.17
3.75
3.04
2.34
1.94
1.40
1.00
1.07

0.86
0.64
0.59
0.46
0.30
0.34
0.38
0.29
0.20
0.20
0.22
0.18
0.55
0.37
0.21
0.42
0.15
0.16
0.11
0.21

houses
Lognormal

18.01
21.34
14.91
10.34

7.37
5.41
4.07
3.13
2.46
1.95
1.58
1.29
1.06
0.89
0.74
0.63
0.54
0.46
0.40
0.35
0.30
0.26
0.23
0.20
0.18
0.65
0.39
0.24
0.27
0.14
0.07
0.04
0.08

Nonbasement houses

Observed
58.29
22.09

8.91
3.68
2.04
1.60

0.78
0.63
0.41
0.28
0.22
0.20
0.14
0.13
0.09
0.06
0.05
0.04
0.05
0.04
0.05
0.01
0.04
0.02
0.01
0.05
0.02
0.02
0.03
0.00
0.00
0.00
0.01

Lognormal
59.67
18.60

8.06
4.29
2.57
1.67
1.14
0.81
0.60
0.45
0.35
0.28
0.22
0.18
0.15
0.12
0.10
0.09
0.07
0.06
0.05
0.05
0.04
0.04
0.03
0.11
0.06
0.04
0.05
0.00
0.00
0.03
0.01

All

Observed
36.98
22.56
12.03

7.02
4.92
3.50
2.36
1.91
1.45
1.17

0.84
0.64
0.63
0.52
0.39
0.34
0.27
0.18
0.21
0.22
0.17
0.12
0.12
0.12
0.10
0.32
0.20
0.13
0.23
0.08
0.08
0.06
0.12

houses

Lognormal
39.06
20.25
11.09

6.90
4.67
3.32
2.47
1.90
1.48
1.19

0.97
0.80
0.67
0.56
0.48
0.41
0.36
0.31
0.27
0.24
0.21
0.19
0.17
0.15
0.14
0.51
0.33
0.22
0.27
0.15
0.08
0.06
0.15

CONCLUSIONS
In every state, basement levels of "Rn were higher

than first floor levels in nonbasement houses. Overall,
the arithmetic mean of basement screening measure-
ments was 185 Bq m~3 (5 pCi L~') as compared to 54
Bq irT3 (1.5 pCi L"') for first floor measurements in
nonbasement houses. Levels of ~2Rr\ varied widely
from one state to another: the arithmetic mean of 2-d
measurements ranged from 19 Bq m~3 (0.5 pCi L~') in
Louisiana to 329 Bq m"3 (8.9 pCi L"1) in Iowa. Elevated
screening results or concentrations were found in all
states: 26 of the 30 states had at least one 2-d test result
greater than 1700 Bq m"3 (46 pCi L"'), and 12 states
had at least one test result greater than 3700 Bq m"3

( lOOpGL- ' ) .
Basement screening results in the 30-state area can

be adequately approximated by a lognormal distribu-
tion with a geometric mean (GM) = 99 Bq m~3 (2.7
pCi L"') and a geometric standard deviation (GSD) =
2.9. Similarly, first floor results tended to follow a

3700

37
12 5 10 20 30 40 50 60 70 80 90 95 98 99 99.5

Cumulative percent

Fig. 2. Normal probability plots for houses in 30-state area.
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lognormal distribution, with a GM = 27 Bq m~3 (0.7
pCi IT1) and a GSD = 3.6. This distribution of first
floor measurements compares favorably with the na-
tionwide distribution reported by Nero et al. (1986).
GM = 33 Bq nT3 (0.9 pCi L-') and GSD = 2.8. and
the nationwide distribution reported by Cohen (1986),
GM = 38 Bq nr3 (1.0 pCi IT1) and GSD = 2.4. There
is some evidence that, at high concentrations, a lognor-
mal distribution underestimates, by a small margin, the
observed distribution of basement measurements and
overestimates (again by a small margin) the observed
distribution of first floor measurements.

A wintertime screening measurement taken in the
lowest livable level is an indicator of the maximum
exposure to 222Rn; it is not a direct measure of average
concentration over extended periods. The 30 state sur-
veys were not designed to characterize long-term (e.g.,
annual) levels of :"Rn to which occupants are exposed.
Thus, the results shown in this paper should not be
used directly in making risk assessments.
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III. FACTORS AFFECTING INDOOR CONCENTRATIONS
• At

The concentration of radon in homes and other buildings varies substantially from one area to
another, from one structure to another, and even within the same structure. Likewise, in the
same building there is often a substantial variation with time on various temporal scales, i.e.,
season to season, week to week, and on a daily or hourly basis. Understanding the nature and
origin of such variability is important as a basis for evaluating the scope of the radon problem
(and indeed simply for interpreting monitoring data) and for formulating effective strategies
for control. We first examine the dependence of concentration on time, and to a lesser extent
on location, within the same structure. We then examine the sources and transport of radon,
as a basis for understanding where high concentrations are likely to occur and for designing
effective techniques for reducing the rate of entry of radon into the indoor atmosphere.

A. Temporal and Spatial Dependence

The previous section reviewed U.S. monitoring data, indicating not only the variability of
indoor concentrations from one area to another, but also the critical dependence of
concentration measurements on the time period and location of monitoring. The question of
monitoring techniques and protocols is the subject of a later section, but we here review
briefly some of the primary information on temporal and spatial dependencies, both to
understand better the interpretation of monitoring data and as a further indication of the
importance of differences in sources and transport processes in determining the indoor
concentration.

Numerous measurements of radon in dwellings have indicated the substantial variation with
time of 222Rn and its decay products. This variability occurs with time of day, weather
conditions, or season. Without ascribing any cause to this variability - which is certainly
related to environmental or operational parameters affecting radon entry or removal (or
behavior of the decay products) - we here indicate the nature of time variability by example.

One of the earlier examples of short-term variability was obtained using continuous 222Rn
monitors in a New Jersey house, measuring basement and upper floor concentrations over a
period of weeks (Spitz et al. 1980). A significant diurnal dependence was observed, consistent
with later measurements, which however sometimes showed a stronger difference between
maxima and minima.

Subsequent work has examined the dependence of concentrations on various factors, directly
measuring not only the concentration, but also source parameters and environmental factors
affecting radon entry and ventilation rates (Nazaroff et al. 1985). An example of such real-
time measurements is shown in Figure 9. Detailed examination of such correlations is
important for understanding radon entry and removal, as discussed later in Section B.

More recent studies of radon entry have provided further information on the variability of
indoor concentrations over different time scales. For example, Figures 10 and 11 show data
from one of 14 New Jersey houses in which measurements examining the effectiveness of
control techniques were performed over a period of approximately one year. Figure 10 shows
data in which short-term variations can be seen, while Figure 11 shows results from the same
house after averaging over 3-day periods. In either case, substantial variability is evident.

It is also known that substantial seasonal variability occurs, as is often seen between winter and
year-long measurements. For example, Table 4 shows a comparison of winter and annual-
average results from four different studies from Nero et al. (1986), giving the average and
lognormal parameters. In these studies, the average of measured annual-average concentrations
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Figure 9. Variability of 222Rn concentration, ventilation rate, and environmental parameters in a
house in a basement.

These data were accumulated over a two-week period during a several-month experiment examining
the dependence of radon entry on environmental factors (Nazaroff et al. 1985).
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Figure 10. Radon concentration in the living space as a function of time.

Data are from a house studied in New Jersey (cf. Revzan 1989). Also shown (dashed line) is the
temperature difference between indoors and outdoors.
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Figure 11. Radon concentration in the living space as a function of time, averaged over three-day
periods.

Data are from the same house as in Figure 10.
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is less than the average winter values (although the difference is modest in the case of Maine).
If we calculate the ratio of annual-average concentrations to winter concentrations, this is
found to average 0.72. This difference has important implications for the potential
interpretation of the large-scale data sets acquired primarily since 1985, discussed previously.
Equally significant, in this case for assessing the prevalence of higher-than-average
concentrations, is that the width of the annual-average distribution is also smaller, as given by
the GSD. Assuming the GSD was the same, and that the entire distribution was merely scaled
in proportion to the average in going from winter to annual-average, could thus overestimate
the fraction of homes having concentrations above levels of concern such as 150 Bq/m3 and
740 Bq/m3. In a more recent study in Colorado, Borak et al. (1989) found - using etched-
track detectors - the ratio of measured annual concentration to the average of summer and
winter measurement results to have a mean of 1.0 ± 0.3. On the other hand, the GSDs for
winter and summer were similar to that for year-long measurements.

The New York State survey (Hartwell et al. 1987) gives an indication of the effects of seasonal
differences, based on a statistical sample. This effort gave an average of 41 Bq/ms (1.1 pCi/1)
for year-long measurements in the living space, in contrast to 52 Bq/ms (1.4 pCi/1) for 2-
month winter measurements. This yields a ratio of 0.79, in the range from Nero et al. (1986).
Percentages greater than 148 Bq/m3 (4 pCi/1) were 4.2% and 5.0% for year-long and winter
measurements, respectively, showing only a slight difference. The results of Borak et al.
(1989) show a greater difference, i.e., a winter to annual ratio of approximately 0.65 and
percentages greater than 150 Bq/m3 of 50% for winter and 20% for annual measurements.

Turning to spatial differences, the New York State study found a substantial difference
between basement and living-space concentrations, with basement values averaging 100 Bq/m3

(2.7 pCi/1), based on year-long measurements, approximately 2.5 times the living-space
average. This factor is generally consistent with other information. For example, Alter and
Oswald (1987) found a ratio of 2.0, as noted above, although this is generally for shorter-term
measurements. And Cohen (1989) finds an average in basements of 249 Bq/m3 (6.7 pCi/1), a
factor of 2.0 times the average from living-space measurements. The New York ratio may be
larger than these because it is a comparison of year-long measurements and because, whereas
the living-space value tends to change substantially between winter and summer, basement
values are thought to be more stable. Thus, for example, the ratio basement (year-long) to
living-space (winter) measurements is 1.9, quite close to the other results cited. Finally, there
is significant evidence that, for houses with higher than average concentrations, basement
concentrations may exceed those in living areas by more than a factor of 2, an example being
the factor of 5 differential for higher-concentration houses, found in NJSDH 1989.

B. Sources and Transport Processes

Radon arises from trace concentrations of radium in the earth's crust, and indoor
concentrations depend on access of this radon to building interiors. Radon can enter directly
from soil or rock, via utilities such as water (and, in principle, natural gas) that carry radon, or
from crustal materials that are incorporated into the building structure in the form of concrete,
rock, and brick. The relative importance of these pathways depends on the circumstances, but
it has become clear that the first - direct ingress from the soil - ordinarily dominates the
higher indoor concentrations that have been observed in homes.

Indications of this arose in early investigations of radon in U.S. houses, when it was found that
measurements of radon emanating from structural materials could not account for observed
indoor concentrations, based on estimates of the air exchange rate (George and Breslin 1980).
Moreover, practical experience in reducing concentrations in the Canadian mining communities
made it clear that the major entry route was through the house undersfructure, at least in the
houses in which remedial measures were attempted (Scott 1988).

45



ANDREWS OFFICE PRODUCTS CAPITOL HEIGHTS, MD (K)



NCRP REPORT No. 97

MEASUREMENT OF
RADON AND RADON
DAUGHTERS IN AIR

Recommendations of the
NATIONAL COUNCIL ON RADIATION
PROTECTION AND MEASUREMENTS

Issued November 15, 1988

National Council on Radiation Protection and Measurements
7910 WOODMONT AVENUE / BETHESDA, MD 20814
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13.

possible, and this poses a difficult problem for estimating exposure. It
is emphasized that an attempt should be made to obtain the best data
which can be used in estimating annual averages.

Identification of areas with a high radon risk can be carried out with
short-term measurements of either radon or the daughter products.
These measurements are usually performed under conditions designed
to maximize the result, for example, sampling after the house has been
closed for some time and sampling in the basement rather than the
living quarters.

Scientific studies may make use of any of the techniques described,
but tend to lean on instantaneous or continuous recording devices.
Additionally, such studies frequently are designed to seek out sources
or pathways and aim at sampling limited areas within a house.

Measurements made while conducting remedial action are generally
short-term or grab sampling to identify a persistent source. Once
remediation is completed, long-term measurements are necessary to
demonstrate that the annual average exposure has been reduced to
desired levels. In some instances, where elevated and unevenly distrib-
uted M6Ra in soil is the source, flux measurements made at many spots
on walls and floors can help to identify anomalously high entry points
for radon.

13.2 Short-Term Versus Long-Term Measurements

The choice of method for exposure assessment is usually dictated by
the instrumentation and effort available. The simplest methods are
short-term or grab sampling methods and require repeat measurements
for the estimation of annual average exposure.

The simplest on-site method is the single alpha count of a filtered air
sample by the Kusnetz or Rolle method. This provides a rapid measure-
ment of the radon daughter working level. It is more prudent to alpha
count this same sample three times rather than only once since this
allows evaluation not only of the WL but also the concentrations of the
specific daughters nuclides. The Thomas method or the Scott MRK,
(Scott 1981) method provides these data and the Scott method utilizes
the second or third count interval to directly compute working level.

Alpha counting a filtered air sample provides immediate results and
is useful in screening. Low background, high-efficiency alpha counters
are available so that even outdoor radon daughter concentrations may
be measured this way. Samples should be recounted after from 3 hours
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to one day to ensure that thoron daughter activity is not an interfer-
ence. If it is possible to utilize an alpha spectrometer for the measure-
ment, the detection limit is usually improved because of the ability to
determine 218Po and 2MPo separately, and to distinguish these immedi-
ately from any thoron daughters.

If a WL meter is available, this provides a spot check of the WL
present at one point in time but repeated measurements are necessary
to provide an estimate of annual exposure.

Spot radon measurements are possible by collecting air samples. The
collecting vessel is usually a counting flask lined with zinc sulfide alpha
phosphor. This can be placed directly on a photomultiph'er tube for
measurement. The containers, often called Lucas flasks, vary in volume
from 0.1 liter to many liters. Counting can commence as soon as
radioactive equilibrium between radon and the daughters is established
(about three hours). These flasks are equipped with either one or two
entrance ports for filling. The single-port flask is less desirable since it
must generally be evacuated and taken to the site and opened for
filling. This relies on the integrity of the vacuum seal The two-port
flask allows air to be drawn through the flask by a small pump at the
site, and filling is complete and unambiguous. Counting of either type
is usually performed upon return to a central site or laboratory.

The radon grab sample provides immediate results and is useful for
screening purposes but has the same drawbacks as any instantaneous
sample for estimating annual exposure and repeat measurements
are necessary.

Longer-term radon measurements are possible with charcoal sam-
plers (two to seven days) and this technique is easy to implement.
Samplers can be deployed by individual home owners and samplers can
be sent out and returned by mail to the central site for gamma counting
of the radon daughters. These are in equilibrium with the adsorbed
radon on the charcoal within a few hours. Repeat measurements are
necessary for determining an annual average radon exposure.

Harley and Terilli (1988) report that, based on two different homes
studied for 18 months, two one-week measurements, taken one in
summer and one in winter, and averaged, will yield within ± 50% of the
actual measured annual average mRn concentration.

Other longer-term radon monitoring measurements, with deploy-
ment for periods of up to a few months, can be performed with TLD
based monitors and for up to a full year with solid state nuclear track
detectors.

A strategy for rapid measurement of the radon level in a home is
sometimes necessary. This usually is required for the buying or selling
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of homes but other situations such as assessment of a workplace or
public building can arise. In this case a valid measurement of radon
concentration over a short time interval with charcoal, working level
monitor or even grab radon samples taken in a living or working area
may suffice to provide some guidance. This measurement should not be
confused with measurements for actual human exposure which must
be conducted on a longer term basis.

A short term (say two to four day) sample taken in the basement of
an average home in the winter might yield a value of perhaps 200 Bq
nr3 (4 pCi 1'). A decision that exposure of the occupants is in the range
necessary for remedial action cannot be made from this measurement.
First floor and second floor radon concentrations generally average 2 to
5 times lower than basement concentrations depending upon season
and other variables related to the specific dwelling such as type of
heating. Thus, 200 Bq nr3 in the basement most likely indicates the
typical value of 40 to 100 Bq m 3 in the upstairs living space.

The single rapid measurement provides little useful information con-
cerning compliance with any established guidelines for exposure of
individuals within a dwelling (and thus the need for remediation). A
short term measurement can provide information that a home has
unusually high radon concentrations. Radon concentrations in excess
of 2000 Bq nr" regardless of season or location within the dwelling will
assure that some radon reduction technique (NCRP, 1988b) is neces-
sary in the dwelling to conform with guidelines (NCRP, 1984a).

Valid exposure measurements can only be obtained with long term
follow-up integrating measurements or several measurements of a
week's duration taken during a minimum of two seasons per year. The
measurements for exposure must be conducted in the living space
within the home.

13.3 Reporting of Data

The reporting of data should reflect the sampling intervals involved.
The best estimate of exposure on an annual basis is with long term
monitoring and the use of time weighting to include exposure out of
doors and in buildings other than the home. Time weighted average
exposures are calculated as follows:

ANNUAL EXPOSURE (WLM) = (1/170) [ (WL), (Hours),
+ ... + (WLUHours)J (13.1)
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